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SUMMARY

A two-dimensional advanced panel far-field potential flow model of the
undistorted, interacting wakes of multiple lifting surfaces has been developed
which allows the determination of the spanwise bound circulation distribution
required for minimum induced drag. This model has been implemented in a

FORTRAN computer program, the use of which is documented in this report.

The nonplanar wakes are broken up into variable sized, flat panels, as
chosen by the user. The wake vortex sheet strength is assumed to vary linearly
over each of these panels, resulting in a quadratic variation of bound circu-
lation. Panels are infinite in the streamwise direction. The theory is briefly
summarized herein; sample results are given for multiple, nonplanar, lifting

surfaces, and the use of the computer program is detailed in the appendixes.

INTRODUCTION

With the current resurgence of interest in utilization of unconventional
aircraft concepts for future transport aircraft to provide reductions in drag,
increases in fuel efficiency, and lower operating costs, there is a need for
accurate estimations of the induced drag for nonplanar configurations. Examples
of these novel configurations include wings fitted with end plates or winglets
(ref. 1), the tandem wing (ref. 2), and the joined wing (ref. 3). The current
far-field theoretical model allows very accurate calculation of induced drag

for multiple nonplanar aerodynamic surfaces, allowing investigation of the



drag-reduction potential of such nonplanar aircraft concepts. Further, the

bound circulation and wake vortex strength distributions necessary to achieve
this minimum induced drag are computed. The bound circulation output may then
be used to determine the aerodynamic surface camber shapes required to achieve

this minimum drag.

The theoreticai wake model has been described in detail in reference 4.
It assumes the vortex sheet strength to vary piecewise linearly on a number
of flat wake panels. Wake rollup is neglected. Analytical expressions are
developed for the normal velocities induced by each wake panel at any point
on the wake using the Biot-Savart Law (ref. 5). The wake vortex strength is
integrated spanwise to compute bound circulation, and the product of local
bound circulation with the total induced normal velocity is analytically
integrated to obtain the induced drag. To determine the wake vortex distri-
bution required for minimum drag, two theoretical methods are used: Munk's
criterion (ref. 6), and a direct optimization technique. The Munk criterion
technique is computationally more efficient, since only the induced velocity
expressions are utilized. This technique is similar to the theory developed
in reference 7. The direct optimization technique is necessary for determi-
nation of induced drag for relative optimum configurations which might have
additional constraints on bending moment or pitching moment. Analytical

expressions are developed for the derivatives of CD’ C C, and CB with
m

s
respect to the unknown values of the wake vortex sheet s%rengths at the
corners of each vortex sheet panel, as described in reference 8. This wake
model using the direct optimization technique has been implemented in a vortex
lattice wing design computer code (ref. 9), as described in reference 8.
Comparisons between results of the original design code (ref. 9) and modified

code with the current wake model (ref. 8) are given in references 8 and 10.

This report details the computer program which was written to implement
the theoretical wake model of reference 4. The theory is briefly summarized.
Use of the program and sample input and output data are given in the appendixes:
the code is briefly described (Appendix A), input data preparation is explained
(Appendix B), output data is described (Appendix C), sample input and output
data are given (Appendix D), and a listing of the computer program is given

(Appendix E).



SYMBOLS

matrix of influence coefficients in irnduced drag
feq. (11)]

integrals appearing in normal wash expression

leq. (3)]

constant appearing in integrals in Appendix A
wing span

constant appearing in integrals in Appendix A
pressure coefficient

difference in pressure coefficient

wing root bending moment coefficient

induced drag coefficient

induced drag coefficient on wake panel i due to induced
velocity of panel j and its image [eq. (6)]

1lift coefficient
pitching moment coefficient
constant appearing in integrals in Appendix A

variables containing unknown wake vortex sheet strengths,
appearing in drag coefficient equation [eq. (6)]

vertical separation of diamond wing roots (figs. 6, 7)

distance between influenced point on panel i and influencing
point on panel j (fig. 1)

distance between influenced point on panel i and influencing
point on image of panel j (fig. 1)

influence coefficient integrals appearing in drag coefficient
equation [eq. (6)]



k induced drag efficiency factor, defined as ratio of planar
wing induced drag to that of nonplanar configuration

'3 vertical fence height (fig. 2)
n integer appearing in integrals in Appendix A
N number of wake panels on one-half of total configuration
R constant appearing in integrals in Appendix A
Ri. projection of distance h_,, onto the plane of influenced
J panel i (fig. 1)
i. projection of distance h!, onto the plane of influenced
J panel i (fig. 1)
S reference wing area
ref
4 local wake panel coordinate
g wake panel semiwidt
=1 wanoc HGLLC-L OlIlA W AN UL
T constant appearing in integrals in Appendix A
U free-stream velocity
Wn normal wash velocity
LA normal wash velocity induced at point 4 = 4, on panel 1 due
>3 to panel j and its image [eq. (2)]
w constant appearing in Munk's criterion normal wash velocity
° expressions [eqs. (7) and (8)]
X streamwise coordinate
Y spanwise coordinate
Z vertical coordinate, positive down
Y wake trailing vortex sheet strength
r bound circulation
T average bound circulation
Po bound circulation at outboard edge of wake panel [eq. (4)]
n nondimensional spanwise coordinate
A Lagrange multiplier in equations (10) and (12)
1j angle between y-axis and orientation of hij (fig. 1)
¢ - dihedral angle



Subscripts:

i influenced point
| influencing point
n normal component
o value at 4 = -s

Superscripts:

' image panel quantity

- average value

THEORETICAL DEVELOPMENT

The wakes are broken into N finite, flat panels. The panels are
numbered sequentially from tip to root of each planform. On each panel,
the wake vortex sheet strength is assumed to vary linearly, as

. _'_ -
) = Y41 T Yy +fi Y Ty (1)
Y j 2 S, 2
J
The Yj value equals the vortex sheet strength at the junction between
segments j and 3j-1 (see the inset on fig. 1). Figure 1 also shows the wake

geometry notation used in the current theory for a wing-winglet configuration.

The induced velocity normal to point Ai on wake segment 1, due to

wake segment j and its image, may be written, using the Biot-Savart Law, as

_ Y. + v, .7 R,. R!.
Vo, o Lt 31 IJ( ij  _ _Tij )db.
h 2 J
. 1]

2 27

-5 [h,1]2
3 ij
- S. R A Rl
S - L fJ("j i _ 24743 )dA. 2)
2 2m 2 v12/ 3
-s, h,. [h,!]
3 ij ij

The Rij and hij are distances as shown in figure 1. This expression is

evaluated (ref. 4) as



- Y. . Yip1 — Y
“n,j —Jil——l(-Al + A, )+—Jilz—1(A3 +A4) (3)
SRR ij i
where the Al..’ etc. , are determined by the wake geometry. Next, the Y
1]
distribution is integrated spanwise beginning at the tip of the current

planform to obtain the bound circulation as

S, Y. + v,
— _ i itl iy4.
re;) = Fo( Si)+ 7 (Yi+l + Yi>+( 2 ) i

- 2
N (Yi+l Yi) 43 (%)
' 2 2s .,
i
where Po(-si> is the value of T at Ai = —si, which is a known linear

function of the vy values.

The drag induced on segment i by segment j and its image is, in

coefficient form,

+s. T(8.) /w_ .(5))

_ 1 i i n,j i

p,i5 ° 3 U ( U )dAi (3)
ref —si

This equation has been evaluated analytically as described in reference 4
using the MACSYMA symbolic manipulation language (ref. 11). The result is

an expression which is quadratic in the unknown Yj values:

¢y 1y =5 (68,1,  +e8I, +G§TE1, +801,
»1J ref T2 34405 3244 3 %,5
+60 1, +80T, ) (6)
Y 71,3 I 01,3

where the Gi’ G., éi’ etc. are linear functions of the yj's (ref. 4).

i
The I1 through I6 are again determined by wake geometry,
i,7 i,]
being integrals of combinations of the Al through A4 times Ain, for
ij ij

n=20, 1, 2, as given in reference 4.



The Munk optimization procedure uses (ref. 6)

w
n

cos¢ N

W= constant (7D

which for the assumed wake model is written as

conty - 1 (D 6,y )

ij ij
Y'+l = Y.
+(—J———12 )(A3 +A4) (8)
ij ij

This yields N equations for N + 1 unknowns, the N Yj values and LA

The system is completed by specifying a CL value, since (ref. 4)

i (R ) )

ref

The direct optimization procedure extremizes (minimizes) the function

N
Y.
C+A(ZC..]—C> (10)
D =1 L,3 U L
where A 1is a Lagrange multiplier and CL i is an analytical expression
b

for the derivative of equation (9) above with respect to (y,/U). Similarly,
J
expressions for derivatives of CD with respect to (y,/U) have been
J

developed, as reported in reference 4. The current method, which yields

identical results, is to write the induced drag in matrix form as

(%) (%) av

The optimal Yj/U values are then determined by N+1 equations given by



N Y.
1 = 1 =
E(Aij+A..)U+ACLi 0,i=1, .. ., N (12)

j:l JL ’

and
S M

C, . -C =0 (13)

f=1 L,jU L

The A matrix, as given in reference 8, is in terms of the Il through

i,]
I6 from equation (6). More details of the theory may be found in
i,3]

references 4 and 8.

SAMPLE RESULTS

Convergence studies for the present method have been given in reference
4. In general, the advanced panel method has been shown to be on the order
of four times more accurate than a discrete vortex wake model having the
same number of singularity unknowns, both for isolated planar wings and some
limited, isolated nonplanar examples from references 12 and 13. In reference
8, results are given for multiple planform configurations from references
14 and 15. In these previous studies, the current wake model yielded induced
drag values within 1 percent of the exact results for from 25 to 50 unknown
wake strength values. The two optimization methods yield essentially identical
results, except for Yy wvalues near a wing tip. Cosine wake spacing greatly
improves accuracy for a fixed number of unknowns. The reader is referred to

references 4 and 8 for details of these studies.

In this section some additional solutions will be presented to illustrate
the utility of the present theory. Figure 2 displays results for the present
theory compared with that of references 14 and 15 for the planform sketched in
the figure. The inboard 50 percent of the wing is flat, with a constant 30-
degree dihedral outboard of the flat portion. In addition, a vertical fence of
variable height & 1is positioned at the dihedral break span location. This is

termed configuration 5 in reference 14. Shown in figure 2 are values of the



induced drag efficiency parameter, k, defined as the ratio of the induced drag
for a planar wing of equal span divided by the CD for the nonplanar configu-
ration. The two theories agree favorably. For the present method, the fence has
been oriented at ¢ = 89.7 degrees to avoid numerical difficulties, as mentioned
in reference 4. Figure 3 presents induced drag results for vee wings, compared
with an exact solution from reference 16. In figure 4, similar results are
presented for a diamond wake shape, again compared with exact results from
reference 16. This last wake shape is of interest for the joined wing concept
of reference 3. The present theory essentially duplicates these exact results.
In figure 5 the bound circulation distributions from the present theory are
shown for vee and diamond wings having ¢ = 30°. TFor minimum drag, both wings

of the diamond shaped wake carry the same 1lift and have the same T distribu-
tions. The vee wing has relatively a smaller fraction of its 1lift developed

inboard than does the diamond wing having the same dihedral.

The results described above illustrate the capabilities of the computer
program to accurately duplicate known exact solutions. As examples of more
complicated wake geometries, figures 6 and 7 display the computed induced
drag efficiency factors for a series of diamond wings (ref. 16), with the
addition of end plates and winglets, respectively. These configurations can

improve the induced drag efficiency factors for the concept of reference 3.
CONCLUSIONS

An advanced panel Trefftz plane wake model has been developed which
allows accurate computation of the induced drag, bound circulation
distribution, and wake vortex strength for nonplanar multiple planform
configurations. The computer program which has been written to implement
this theoretical method has been documented herein in the appendixes,
including a listing of the code and user input instructions. A brief
outline of the theory and some sample results have been given. These

results reproduce accepted exact solutions for vee and diamond wings.



APPENDIX A

DESCRIPTION OF COMPUTER PROGRAM AND LIMITATIONS

This Appendix briefly describes the organization of the computer program
written to implement the theory outlined earlier in this report, which has
been described in some detail in references 4 and 8. Some limitations of

this computer program are also discussed.

This program has been written in FORTRAN IV and is currently operational

on a Cyber 173 computer at NASA/LaRC. This computer uses approximately 15

decimal digits in all computations. Some modifications to the code will be
necessary if it is to be used on a computer system which uses a signifi-
cantly different number of decimal digits. For example, the tolerances

in subroutines SNTAN and LOGS may have to be varied. Further, double pre-
cision arithmetic will be required for all calculations for machines using
eight significant figures. This would entail an IMPLICIT DOUBLE PRECISION
(A-H, 0-Z) statement in the main program and all subroutines, as well as
use of double precision on all special functions: DCOS, DSIN, DLOG, DATAN,
DATAN2, DSQRT, DABS, DMIN1l, and DMAX1l. Further, some of the variable

names may need to be changed to be consistent with the implicit double pre-

cision statements.

The computer program consists of a main program, DNWASH, which reads
the input data, performs the initial wake geometry computations, sets up
the optimal induced drag matrix, and computes the final induced drag and
normal wash and bound circulation distributions. This program calls nine
subroutines: CCAL and CONCAL, which compute wake geometry constants; SNTAN

and LOGS, which compute integrals appearing in the expression for CD, as

detailed in the appendix to reference 4; WCAL, which computes an element
of the optimization matrix for the Munk's criterion procedure; DRACAL and
OPTCAL, which compute elements of the direct optimization matrix; GAMCAL,
which computes the bound circulation terms; and SIMEQ, a linear equation
solver. A listing of the complete computer program is given in Appendix E
of this report, and an example input and output are given in Appendix D for

one of the configurations discussed earlier in this report.
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The known limitations of the computer program are now briefly described.
First, the user—specified local dihedral angles may not anywhere equal 90
degrees. As discussed in reference 4, this value of ¢ may be approached
(¢ = 89.5°) to approximate the wake geometry for a vertical end plate or
pvlon. (Further examples of wake geometries with nearly vertical surfaces
have been given in figures 2 and 6.) Second, the total number of wake
panels for all planforms is currently limited to a maximum of 50. Based
on results from reference 4 for isolated planar and nonplanar planforms,
this should provide an induced drag solution accuracy comparable to that
obtainable from 200 to 250 discrete vortex unknowns; that is, better than one
percent accuracy. Third, the maximum number of individual planforms possible
is currently 10, while the maximum number for which runs have been attempted
to date is only 3. Fourth, the code currently does both a Munk criterion
optimization and a direct optimization only for a single nonplanar or
planar planform. Solutions for multiple interacting surfaces are computed
using only the Munk criterion solution. (It is to be noted that the design
code described in reference 8 does have the multiple planform capability
using the direct optimization technique.) Fifth, based upon previous
experience (ref. 4), it is recommended that a cosine spacing of the wake

panels on all planforms be used.

Next, for configurations with multiple planforms, either the wakes
must not cross one another, or any such wake crossings must occur at the
edges of wake panels. This can be accomplished by specifying the wake
crossing point as a common wake breakpoint on both planforms. (See
Appendix B for a description of preparation of an input deck and definitions
of the input data.) If wake crossings occur in the midrange of any wake
panel, a message '"'80 ENTERED" is printed on the output file. TFor such
cases, a midrange singularity occurs in the inverse tangent integrals
evaluated in SNTAN. The code attempts to fit a pair of quadratics, one
on either side of the singularity, to the inverse tangent portion of these
integrands. The accuracy of this procedure is unknown, and any results so
obtained are likewise. of unknown accuracy. Further, for wake shapes comprised
of continuously varying curved surfaces, it is possible for this problem of
a midrange singularity to occur for multiple planforms even when the wakes do

not themselves cross. Instead, all that is required to cause the apparent

11



singularity is for the projection of the plane containing one wake panel to
intersect another wake panel away from that panel's edges. Again, this
problem can be avoided by defining such points to be wake breakpoints on the
second planform. It is believed that this apparent singularity is only due
to the way in which the computer program is structured, where for example the
above-mentioned inverse tangent integrals always occur in pairs, but each
integral is evaluated individually. This has been alluded to in reference 4

(p. 16), where it is remarked that integrals of the form

f tan 1] 2Bl ds
R+T/5 R+T5

for 0 < n < 4, become infinite for R = T = 0. However, since what actually

must be evaluated is an integral of the form

=3

-1 | ct2Bs -1 [ a+2Bs
‘Sf |R+TA| tan I:]R+T/5|:|' tan [TR+TA|] ds

these two integrals are equal to the sum of the finite parts of the individual

integrals, which have the form

)]
=]

c+2Bs ds

However, there is currently no logic in the code to automatically replace the
original integrand with the simpler, finite part in the viscinity of a wake

crossing point.

Finally, the optimum wake vortex sheet strengths and bound circulations
for a single planform for the Munk criterion solution differ slightly from
those computed by the direct optimization solution technique. Usually these
differences are confined to the tip region of a planform. This is believed
to be due to the inaccuracy of the piecewise linearly varying functional form
of the wake vortex sheet strength in the vicinity of the tip, where the
actual wake sheet strength should be infinite. Comparisons between the two
solution techniques for a planar isolated wing have been given in reference 4.

These slight differences in the vy and T distributions for the two

12



solution techniques do not appreciably affect the computed induced drag
efficiency factors, but do lead to inaccuracies in the normal wash computatioms,
especially for a nearly vertical surface, near a wing tip. Use of cosine wake

panel spacing, as recommended above, will minimize this problem.

13



APPENDIX B

INPUT DATA PREPARATION

In this appendix the information necessary to prepare an input deck to
use the computer program listed in Appendix E is given. A sample input deck,

as well as the resultant output, are given in Appendix D.

The first four input cards specify control integers and integers which
define the number of lifting surfaces and distribution of wake vortex panels.
These cards are all in a 5I5 format. The specific information needed on each

card is as follows:

Card Number Variable Columns Description
1 NLLINE (1-5) Total number of lifting surfaces
for current configuration; NLLINE
< 10.

For each of the NLLINE surfaces specified above, cards 2 through 5 must

be specified, as follows:

2 ICNTRL (1-5) A control integer which determines
the wake panel spacing on the
current lifting surface, as follows:

A. ICNTRL = 3; general input. User must
specify NTOT (card 2, below), followed
by values of (YHH(I), ZHH(I), PPP(I),
I = 1, NTOT), the wake panel corner
points and dihedral angles for the
current surface. The YHH, ZHH, PPP
values are specified in a 6F10.0
format. Cards 3 to 5 described
below are not needed when ICNTRL = 3.

B. ICNTRL = 6; circular arc wake. User
must input NTOT (card 2, below),
followed by one card giving the values
of BET, THET, and BOT in 6F10.0 format.
BET equals the ratio of the maximum
vertical extent of the surface to the
semispan. A value of BET = 0. corre-
sponds to a flat surface, while BET =
1.0 corresponds to a semicircular
arc. (See reference 4 for results for
this type of surface.) THET is equal
to the value, in degrees, for the angle
subtended by one-half of the circular
arc wake, while BOT equals the desired

14



Card Number Variable Columns Description

wake semispan. Cards 3 to 5 described
below are not needed when ICNTRL = 6.

C. TICNTRL = 7; equal wake panel spacing.
The computer program will automatically
panel each flat portion of the wake
between adjacent wake breakpoints
(YY, Z) (described below; card 5), with
equally sized wake panels. Wake panel
size may vary on different flat portions
of the wake. When ICNTRL = 7, card 2
must be followed by cards 3 to 5
described below.

D. ICNTRL = 8; cosine wake panel spacing.
The computer program will automatically
panel each flat portion of the wake
between adjacent wake breakpoints
(YY, Z), with cosine-spaced wake panels.
If the flat wake portion ends at the
configuration centerline or lifting
surface's junction with another surface,
a quarter-circle distribution is used;
otherwise a semicircle distribution is
generated. This is generally the
recommended value of ICNTRL for maxi-
mum accuracy (see Appendix A). When
ICNTRL = 8, card 2 must be followed
by cards 3 to 5 described below.

2 NTOT (6-10) Total number of wake vortex panels on
current aerodynamic surface. Note
that NTOT < 50. Further, the grand
total of the sum of all NTOT values
for all NLLINE surfaces must not
exceed 50.

For values of ICNTL = 7 or 8, cards 3 to5 must be specified as

follows:

3 NBRK (1-5) Total number of wake breakpoints for
the current surface. Note that NBRK
equals the number of changes in wing
dihedral, plus two; or the number of
flat portions of the surface, plus
one.

4 LSEG(I), I =1, (1-25) User-specified numbers of wake panels
«.., (NBRK-1) on each of the (NBRK-~1) flat portions
of the current aerodynamic surface,
beginning at the root.

15



The following card is in a 6F10.0 format:

Card Number Variable Columns Description
5 YY(I), Z(I), (1-60) Values of the Y, 2Z (in appropriate
PP(I), I = units), and . 4 (in degrees) for break-
1, ..., NBRK points of the current aerodynamic

surface, beginning at the root. Note
that the left half of the assumed-
symmetrical planform is input, so that
Y becomes negative going root-to-tip,
while Z is negative up (see fig. 1).
Note also that the PP(I) value is the
dihedral value, in degrees, inboard

of breakpoint I; the root value of PP
is therefore not needed.

After all NLLINE sets of geometry data have been input, the following cards

are needed:

6 CLDES (1-10) Desired 1lift coefficient, in F10.0
format.

6 SREF (11-20) Total configuration reference area
(in appropriate units), in F10.0
format.

7 - (5) zero (0)

7 - (10) zero (0)

Card 7 signifies the end of input data for one configuration. Further
configurations may follow card 7 beginning again with card 1. At the end
of all configuration data for any omne run, a final blank card must be included

to signify the end of that run:
8 - (5) zero (0)

Note that when ICNTL equals 7 or 8 the breakpoint data specified includes
YY, Z, and PP, which in effect overspecifies the wake geometry. This has
not proved to be a problem, except that for more complicated configurations
the entire F10.0 data field for each YY, Z, or PP wvalue should contain

significant figures for optimum accuracy of the input geometry.

16



APPENDIX C

OUTPUT DATA DESCRIPTION

The computer program prints out information of two general types: first,
geometry data, both as input data and the calculated wake panel geometry, are
printed. This information is followed by the minimum drag solution informa-
tion, which includes the wake vortex sheet strengths, optimum bound
circulation, induced drag coefficient, and induced drag efficiency factor.

For a single planform, this solution information is printed for the Munk's
criterion solution, followed by the same output for the direct optimization
technique solution, while for configurations with more than one planform,
only the Munk's criterion solution is computed and printed. In this
Appendix, the output information for a configuration is described in the

order in which it printed.

Geometry Data

For each lifting surface of the configuration the values of the wake
breakpoints, from root to tip (see Appendix B), are listed. This is
followed by the peripheral length of that surface. Next, the individual
wake vortex panel corner points, dihedral angles (in radians), and panel
semiwidths are listed for the entire configuration. Finally, reference
quantities for the configuration are listed. 1In detail, the geometry data
listed is as follows:
(Yy(r), 1 =1, ..., NBRK) Y coordinates of the breakpoints of each

lifting surface, as input by the user,

ordered from root to tip. (See figure 1
for positive coordinate directions.)

(z(I), I =1, ..., NBRK) Z coordinates of the breakpoints of each
lifting surface, as input by the user,
ordered from root to tip.

(PP(1), I = 1, ..., NBRK) Dihedral angles, ¢, just inboard of break-
point I, in radians.

DTOT Total peripheral length of each lifting
surface.

17



The above data is followed by the wake panel corner points and semiwidths

actually used in the Trefftz plane calculations. First, the program lists

whether equal or cosine spaced wake panels have been generated. This is

followed by a table containing the following information:

I; I =

YHH(I)

ZHH(T)

PPP (1)

SNN(I)

1,

LRI Y

(NTOTT + 1)

Individual wake panel number, numbered
from the tip of the first lifting surface
to the root, followed by the tip-to-root
numbering of wake panels on successive
surfaces. NTOTT is the total number of
wake panels for the entire configuration;
NTOTIT < 50.

Y coordinate of outboard, or tipmost,
corner of wake panel I.

Z coordinate of outboard corner of wake
panel TI.

Dihedral angle, in radians, of wake panel
I.

Semiwidth of wake panel I.

Finally, the following reference quantities are listed:

TOL2

CLDES

SREF

BSAVE

ARAT

The tolerance utilized in subroutine LOGS.
Generally, the value of the tolerance
utilized in SNTAN, TOL, will have the

same value, unless changed by the user.
The value of TOL2 should be small compared
to the smallest value of SNN.

The desired 1ift coefficient value.

The configuration reference area.

The configuration reference span, taken
as twice the maximum absolute value of

YHH.

The configuration aspect ratio, defined
as (BSAVE)?2/SREF.

Solution Data

The output data for the minimum drag solution for the Munk's criterion

solution consists, first, of a table of the following:

18



I Individual wake panel number, numbered
tip-to-root, as described above, for each
lifting surface of the configuration.

BGAM(T) Bound circulation value, I'/U, at the out-
board, or tipmost, corner of a wake panel
I for minimum induced drag at a specified
1lift coefficient.

CDRAG (I) : Nondimensional bound circulation value
for minimum induced drag, T/I', at the
outboard corner of wake panel I. Note
that for a wake consisting of a portion
of a circular arc, CDRAG values are non-
dimensionalized by the T wvalue at the
root of the planform.

AOPT (I, NTOTT + 1) Wake vortex sheet strengths for minimum
induced drag, vy/U, at the outboard
corner of wake panel I.

GAM(I) Nondimensional wake vortex sheet strength
for minimum induced drag, vy/y, at the
outboard corner of wake panel I.

ETA Nondimensional spanwise coordinate of
outboard corner point of wake panel I,
at which the above values are computed.

It is after this information, during the computation of the induced drag,
that it is possible that a message '"80 ENTERED" may be printed, to indicate
a problem with wakes crossing one another, as discussed in Appendix A. This
is followed by the induced drag coefficient, induced drag efficiency factor,

and computed normal wash velocities as follows:

CD Induced drag coefficient computed using
optimum value vortex strengths, for Munk's
criterion solution.

DIDEAL Induced drag coefficient for a planar wing
having the same projected span as the
current configuration, evaluated at the
same lift coefficient value.

WDBU The ratio of the constant, W,»> appearing
in the general statement of Munk's criterion
[eq. (7)1, divided by U.

DEFF Induced drag efficiency factor, k, for
the configuration, defined as the ratio
of the induced drag for the planar wing
divided by the computed induced drag for
the configuration.

19



I Wake panel number.

WDOWN Computed induced normal velocity at the
midpoint of wake panel I.

WOP Induced normal velocity divided by the
cosine of the dihedral angle, evaluated
at the midpoint of wake panel I.

CDAPP An approximate value of induced drag
coefficient, evaluated by assuming T
and Yy are constant on each wake panel.
For single planforms, all of the above output, with the exception of the
initial geometry data, is repeated for a second solution achieved using the
direct optimization procedure for the same configuration. A sample output,

as well as the input data deck, appear in Appendix D.
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APPENDIX D

EXAMPLE OF INPUT AND OUTPUT DATA

Sample input data and output data are presented for one of the configu-
rations of figure 6 of this report, were d/h = 1.0, h/b = 0.355. Input data
and a sketch of the input wake shape appear on page 22, while the output

data begins on page 23.

21



22

o W ®d»N

15

5
-0.1775
-.177%0

15

8
0.1775

J1TTS0

1.0
0

—

Input Data and Sketch of Wake for
1

amond Wing with End Plates;
d/h = 1.0, h/b = 0.355
0.0 -0.498451 0.0
89.5
0.0 -0.458451 0.0
-85.5

~15.600981

19.600981



SEGMT

—
QOVOENOU S WMN -

NN NN N NN NP F bt pd e et bt et =
WVONPITRLPWNHDODDONOWUN & WN

Qutput Data for Diamond Wing with

End Plates; d/h = 1.0, h/b = 0.355
GENERAL INPUT GEOMETRY
0.00000 -.17750 0.,00000
-.42845 0.00000 -19.60098
-.50000 - =.17750 86,50000
TOTAL PLANFORM PERIPHERAL LENGTH= o 70662
0.00000 «17750 0.00000
-.49845 0.,00000 19.,60098
-.50000 «17750 -89.50000
TOTAL PLANFORM PERIPHERAL LENGTH= « 70662
COSINE SEGMENT SPACING
NGO Y z PHI
-.499926 -.169025 1.562070
-.4G69658 -+138363 1.562070
-e499225 -.088750 1.562070
-.4GR793 -.039137 1.562070
-~ .498525 ~.008475 1.562070
-.495383 -.001093 -.342102
-.483185 ~+005436 -q.342102
-,459089 -.014017 -+342102
-.423689 -,026623 -.342102
-~.377857 -e042944 -e342102
~.322720 -.062578 -.342102
-.259637 -.085042 -.342102
-.190161 -.109783 -,342102
~.116002 -+136191 -.342102
-.038987 ~+163616 -.342102
-.4989G926 «165025 -1.562070
~.499658 «138363 ~-1.562070
~.499225 . 088750 -1.562070
~-.468793 «039137 -1.562070
~+498525 « 008475 -1.562070
~+495383 «001093 « 342102
~.483185 . 005436 » 342102
-,455089 «014017 .342102
-,423689 « 026623 «342102
-.377857 «042944 «342102
~.322720 . 062578 «342102
~.259637 « 185042 e342102
-.150161 2109783 e342102
~-.116002 .136191 «342102

23



30

O DP~NOU P~ WN -

10
11
12
13
la
15
16
17
18
19
20
21
22
23
ca
25
26
27
28
29
30

Output Data for Diamond Wing with End Plates;

'0038
SNN(I)

«N0848
.02219
«02743
«022189
.00848
« 00326
« 00669
01589
»021€9
« 02696
«N3157
« 03540
« 038235
«04037
«04129
.00848
«02219
«02743
02219
«008a68
«00326
+ 00969
.01¢89
«02169
« 02696
«03187
« 03540
«03835
« 04037
«N4139

TOL IN SNTAN =

DESIGN LIFT COEF,

d/h = 1.0,

587 »163616

«26057E=0%

= «50000

WING REFERENCE AREA = 1.00000

REF WING SPAN =

ASPECT RATIO =

24

1.00000

1.00000

h/b = 0.355 (continued)

0342102



Output Data for Diamond Wing with End Plates;

d/h = 1.0,

OPTIMUM LOADING

SEGMT

NOD@NIU PN

10

2n
21
22
23
24
25
26
27
2e
29
30
31

200
200
a2nn
200
200
200
200
200
200
200

ENTERED
ENTERED
ENTERED
ENTERED
ENTERED
ENTERFD
ENTERED
ENTERED
ENTERED
ENTERED

h/b = 0.355 (continued)

USING MUUNKS CRITERION

8CUNMD CIRC BGAM/AVE
O. 0.
«33090E=-01 «29612E+00
e6248RE-01 «55S820E+00
«87560E~C1 + T8357TE+0Q0
«10456E+00 «9356T7E+00
«10955€E+00 «98035E+00
«11040€E+00 «98T795E+00
«11089E+00 +99232E+00
«11156E+00 «99831E+00
«11322E+00 «10132E+01
«11658E+00 «10432E+01
«12160€£+00 «10882E+01
«12748E+00 «11408E+01
»13314€E+00 «11915E+01
«1376ZE+00 «12315E+01
0. O.

«23090E~01 «29612E+00
«62488E~01 «55920E+00
«B7560E~01 « 7T8357E+00
«10456E+00 «9356TE+QN
«108ESE+00 «38035E+00
«11040E+00 «IBTOSE+00
«11089E+00D «99232E+00
«11156E+00 .99831E+00
«11322E+00 «10132E4+01
«11658€+00 «10432E4+01
«12160E+00 «10882E+01
e 12T4BE+Q0 «11408E+01
«13314E+00 «11915E+01
«13762E+00 «12315E+01
«13946E+00 «12480E+0Q1

SHED STRH.

«30907E+01
«81359E4+00
«51136E+00
«40281E+00
«36320E+00
«22603E+00
«34701E-01
«15637E-01
e 264B8E=01
«50322E-01
o 14120E-01
«84958FE=01
«81092E-01
«O6558E=01
e44410E~-01
«30907E+01
«81359€E+00
«a51136E+00
«40281E+00
«36320E+00
«e22603E+00
«34T01E=01
«15637E-01
e 2648RE=01
«50322E=-01
«74120E-01
«84958FE~-01
«Bl092E=01
«66558E-01
«44410E-Q1

0.

GAM/AVE

«31321E+02
«82448E+Q1
«51820E+01
«40820€+01
«368B06E+01
«22905E+01
«35165E+00
+1584TE+00
«26842E+00
«509G6E+00D
«75113E+00
«86096E+00
«82178E+00
«H6T44SE+0D
«45004E+00
«31321E+02
«82448E+01
«51820E+01
«40820E+01
«36806E+01
«22905E+01
«35165E+00
+«1584T7E+00
«268B42E+00
«50996E+0N
«7S113E+00
«B60G86E+Q0
«82178E+00
«6T44SBE+00
«45004E+00

0.

ETA

.10000E+01
«99970E+00
+99893E+00
<99T79TE+00
.99720E+00
+99690E+00
.98463E4+00
.94811E+00
.88825E400
+B80651E+00
.70492E+00
.58596E+00
45258E4+00
.30806E+00
.15595E4+00
.10000E+0)
.99G670E+00
.99893E4+00
+9979TE+00
L99T20E+00
.996G0E+00
+98463E+00
.94811E4+00
.88825€+00
.B0651E+00
.T0492E400
.58556E+00
+45258E+00
.30806E+00
.15595E€+00

0.

25



Output Data for Diamond Wing with End Plates;
d/h = 1.0, h/b = 0.355 (continued)

200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERFD
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED
200 ENTERED

CD CALCULATED USING SuUB DRACAL AND OPTIM LOADS USING MUNK CRIT =

e4T7846E~-0]
CD FOR FLAT WING = «79577E=-01
RATIO OF ZERO DIHEDRAL DOWNWSH/U = «38317E+00
INDUCED DRAG FFFICTENCY FOR WINGS OF EQUAL SPAN = +166319E+01
1 DOWNWASH W/COS(PHI)
1 «83594E~-03 »95793E=01
2 «83594E~-03 «95793E=-01
3 «A3594E=-03 «95763E~01
4 «R3594F=~03 «95793E-01
5 «83504E-03 +95793E=-01
6 «90242E-01 «95793E=-01
7 2 90242E-01 +«95793E-01
£ «90242F =01 «95793E=-01
] »50242F=-01 «95793E=-01
10 e 902472E~01 «957G63E~-01
11 «50242E~01 «95793€E=01
12 «90242E=01 «95793E-01
Ki «90242E=-01 «95793E=01
14 «S80242E-01 «95793E~-01

26



15
1€
17
18
19
20
21
22
23
24
25
26
27
24
29
30

«90242E~01
«83594E-03
«83594E=-03
+83594E=-013
«83594E-03
«33594E=-03
e8N242E~01
«90242E=01
+90242E-01
«90242E-01
«30242E-01
«30242E=-01
«50242E-01
«90242E-01
«9NZ242E=01
«90242E-01

APPROX CD USING SOLVED BOUND
CIPCULATIONS AND WASHES AT SEG

Output Data for Diamond Wing with End Plates;
d/h = 1.0, h/b = 0.355 (concluded)

«95793E=-01
«95793€-01
«35793E=-01
«95793E=-01
«95793E~-01
+95793E=-01
«95793E=-01
«95793E~01
«95793E~01
«95793E~-01
«95793E=-01
«55793E=-01
«95793E-01
«95793E~-01
«95793E=-01
«95793E=01

MIDPOINTS

«4T7909E=01



APPENDIX E

COMPUTER PROGRAM LISTING

This program has been written in FORTRAN IV language for the CDC series

6000 computer system with NOS1.3 operating system. Minor modifications may

be necessary to achieve successful execution on other computers, as discussed

in Appendix A.

listing:

Name

PROGRAM DNWASH

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

GAMCAL
WCAL
CCAL
CONCAL
SNTAN
LOGS
DRACAL

SIMEQ

The following table is an index to the computer program

Letter Designation Page
A 29
B 47
C 48
D 50
E 51
F 52
G 60
H 63
I 65

The permanent file name of this program at NASA/Langley Research

Center is DRG, stored under user number 496125E.

28



6¢C

10

15

20

30

35

40

PROGRAM DNWASH

PROGRAM  DNWASH (INPUTOUTPUT s TAPES,, TAPE6=0OUTPUT)
DIMENSION  GAM(S]1)s RGAM(S5})s YHH(S1)y ZHH(S51), PPP(S])
DIMENSTON  DNESH(51)

DIMENSTON  AOPT(92+52)

DIMENSION  AINT (6)

DIMENSION CDRAG(51)

DIVENSTION ASIM(S1.51)s RSTM(S1sl)y IPIVOT(S1)

DIMENSION  YY(1N)y Z(10)e PP(10)y LSEG{10), DTHETE(10D)
DIMENSION PERIF (10}, B(J0)s» GSUM(10)

DIMENSION CLP(53),y SEQ(IN)s DTO(10)

COMMUN  /TELL/Z TOL,TOLZ2.TO0L3

COMMON  /SEG/ SHN({51)

COMMON /DIROPT/ T1(53453)572(53353)473(53,53)+T4(53+53)9»75(53,53)
1,T6(53:53)

COMMON  /FEN/ NSPT(10)NLLINE

PI = 4,#ATAN(].)

DTR = PI/180,

PROGRAM WRITTEN TO IMPLEMFNT TREFFTZ PLANE THDUCED DRAG
OPTIMIZATION THEOKRY DESCRIRED IN NASA CR-3154, JUNE 1979.

PROGRAM WRITTEM BY DR, JOHN M, KUHLMAN, DEPT MECHANICAL
ENGINEERING AND MECHANICS, OLD DOMINION UMIVERSITY, NOR-
FOLK, VA 235n0R, UNDFK NASA LANGLEY GRANT NSG-1357,

THEORY ASSUMFS A TwOo DIMENSLONAL ADVANCFD PANFL MODEL OF
THE UNDISTORTED. INTERACTING WAKES OF MULTIPLE LIFTING
SURFACES.

WAKE VORTEX SHFET STRENGTHS ARE ASSUMED TN VARY IN A
PIFCEWISE LIMEAR FASHION, ANALYTICAL EXPRESSIONS FOR
INDUCFD NORMAL VELOCITY, AOUND CIRCULATION, INDUCED DRAG.
AND LIFT ARF DEVELOPED IN CR-31%4 IN TERMS OF THE ASSUMED
WAKE MODFL,

THESE ExPRtSSIONS ARF USED TO OBTAIN MINIMUM DRAG WAKF VORTEX
SHFET STRENGTHS. ROUND CIRCULATION DISTHIBYTIONSy AND €D

VALUES FOK MINIMUM NRAG AT A GIVEN LIFT, FOP NONPLANAR MULTIPLE
INTERACTING LIFTIMG SURFACESy USING BOTH MUNKtS CRITERION AND

A DIRFCY OPTIMIZATION PROCEDURE.

ICTRL=3 FOR GENERAL INPUT OF NON-PLANAR WING CASES

>,)))bb>>>))>>>)>>>>))>)))>)>’D>)>>)>)>)Db

OD~NRA P W -

PAGE
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0t

45

50

55

60

65

70

75

8n

PROGRAM DNWASH

sNeNeloNeNaNaNa Nalle NeRel

(aNaNeNal

THEN MUST INPUT TRIPLES OF YHHsZHH,PPP FOR EACH CORNER POINT
OF EACH SEGMENT, STARTIMG AT WING TIP

ICTRL=6 FOR CIRCULAK ARC wINGs CONE, TR 139

ICTRL=7 FOR WING OF ARBITRARY PHI AKRD ETA-EQUAL SPACING
ICTRL=R FOR WING OF ARRITRALY PHI AND ETA-COSINF SPACING

MTOT=NUMHER OF SEGMENTS ON SFMISPAN, BOTH FOER FOUAL AMD COSINE SPA
READN AN INTEGFR VARIAHLF NLLINE =gENT LIFTIMG LINES NEEDED TO MAKE
NTOTT = MUMBFR 0OF SFGMENTS Ok NLLINE

NS = START NUMPER ON FACH NLLINE

READ (S551731) NLLINE
IF (NLLINE,FQ,0) GO TO 129

NTOTY = 0
LSTART = 1}
DTOoB = 0.0

WRITE (6+130)

WRITE (6+135)

CONTINUF

RFAD (5413]1) ICNTRL.MTOT
IF (ICNTRL,.,FQ,0) GO T0 1
NS = NTOTT+]

MSPT(LLSTART) = NS

NTOTT = NTOTTeNTOT

1st1oP = 1
TDRAG = 1

If (ICHTRL.FQ.3) GO TO 12
1F (ICNTRL.EQ.&) 60 TO 15
IF (ICNTRL.FA,7Y 6O TO 70
IF (ICNTRL.EQ,R) GO TO 20

CALCULATE DOWNWASH AT SEGMENT MIDPOINTS

CONTIMNE

WRITF (6+133)
No 11 1=1.MTOTY
WDOWN = 0,

DO 10 J=14NTOTT
S = SNN(J)

b2 2 -2 I 3B 15 2 _Jb_ 25 Jb b _Ib_J2b 25 2 25 _JB 25 2B 35 b 2 b 1 1 B B 2 B I 2 2 3 2B 2 35 25 0 35 3 3 -4

PAGE
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85

90

95

120

125

1€

PROGRAM DMwASH

s NeXal

n

CALL CCAL (T4JaYHHyZHHPPP ¢SoAA UB DU oFF 4GGoEE sAJGAK RRyTTyUU WHW)
CALL CONCAL (A2 RHeFF4GGeSeAsBsCyDyF9G9yCU4CKRyCLyCMgCN,CO4CPy 1)
IF (RR,EQ,0,) GO TO &

P = 2,2(ATAN(C/ANS(RR))~=ATAN(D/AUS(RR)) )}/ (ARS(RR))

GO TO 5

CONT INUF

P = 2,/(FF=2,25)-2,/(FF+2,%S)

COMTIMUIE

IF (V. EQ.0,) GO TO 6

Q= 2,8 (ATAN((AJ+?,.25) /ARS(UU) ) -ATAN( (AJ-2,%S)/ARS (ULI)) ) /ABS (UU)
60 TO 7

CONTINUE

Q = 2./(AJ=P.85)=2,/(AJ+2,%85)

" CONTIHUE

21 = (S8S+FF8S4G6) /7 (SnS=-FF#S5+GG)

22 = (SHS+AJ2SLAK) /(SHS=AJBSAK)

A1TU = (P#A+ ,S*RB2ALOG(71))/(2.%PT)

A3lJ = (CL*Ps2, #ARASICORALOG(Z]))/(2.#S*P])

CALY CONCAL (DD EEeAJsAK SRy BsCoDyFoGyCJyCKeCLICMyCN,COyCP»2)
A2IU = =~ (O"A+ ,50FERAI0G(22))/(2.%P1)

A4l = ~(CL#Q+2,9EF8S«CO*ALOG(22))/(2,854%P])

DO A K=14NLLINE

KK = Ka}

KCHK = NSPT(KK) =]

IF (J,FO.KCHK) GO T0O 9

CONTINUE

WDOWN = WDOWMe 5¢{GAM(Je]1)sGAM{JU) )10 (AYTTJU+A2T1U) +,S8(GAM(J+]1)=GAM (J)
1)#(A313+R4 1Y)

GO TO 10

CONTINUDE

WDOWN = WDQVNe S#GAM{J) 2 (A1 ]1J+A2]U-ATIU=-A41))

CONTINUE

DOWNWASH AT WING 1S .5 WASH AT MINUS INFINITY

WDOWN = WDOWN/P,

WOP = wDOWM/COS(PPP (1))
WRITE {64134) 1,WDOWN,WOP
DNWSH (1) = WDOWN

CONTIMUE

IF (ISTOP.GF.?) GO TO 124
ISTOP = 1STOP+]

I I - 36 I 2 35 3k 2 3B 35 B B 35 1D b 25 2B 25 b Jb J5 J5 Jb Jb b I Jb_Jb JB Jb 2B b 35 b b Jb Jb 2 20 B J

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

PAGE
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[43

130

135

145

150

155

160

16%

PROGRAM DNWASH

e Xulpl

e NNyl

1?

13

14

15

16

GO TO 14
GENERAL GHFUMETPY CAt CULATIONS

CONTINUF

READ (Se136) (YHH{T) 47ZHH(T) «PPPLI) 4 I=NSHNTOTT)
BOT = ABS{YHH(NS))+SHN(INS)eCOS{PPP{NS))
H(LSTART) = 2,#H0T

DIOT = 0,

DO 13 I=14NTOY

DTOT = DTOT+SKN(T)

CoOmMTINUE

DTOT = 2,#DT07

WRITE (6.13R8) DYOTY

DTO(LSTART) = NTOT

DTOH = DTOR+DIOT

CONTINUE

G0 10 19

GEOMETRY FOR CIRCULAR ARC AIRFOIL

CONTINUE

MTOT]1 = NTOT+1

READ (S5¢136) RETSTHETIHOT

THET = THET&DTR

R(LSTART) = 2,#H0OT

D = HFTeHOT

R = BOT/SIN(THED)

DTHETA = THET/(FLOAT(NTOT))

DO 16 [=),NTOY

YT = -R#SIN(THET-FLOAT (I-1)¢DTHETA)
2T = «R+P2COS{THFT-FLOAT(1~1)*DTHETA)
YTl = ~ReSIN(THET=-FILOAT(1)#DTHETA)
ZT1 = ~R+RECOS(THET-FLOAT (1) #DTHETA)
IT = NS=-1¢1

PPP{IT) = ATAN((7T=ZT))/Z(YT-YTD))

SNM(IT) = SeSQRT((YT-YT))uu2e(2Y-7T1)0u2)
YHH(IT) = JS#(YTsYT1)

ZHHEIT) = S%(2T+7271)

CONTINUE

NTIOT = 0.

DO 17 I=NSMTOTT

'S ST E P PP PR R B BB B B R BN I I I b IS I B I b b b b b b g

127
128
129
130
131
132
133
134
135
136
137
138
139
140
14}
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

PAGE
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£e

170

175

1A0

185

190

195

200

205

210

PROGRAM DMWASH

[a NeNal

18
19

20

21

22

24

25

26

DTOT = DTOT+SNN(T)
CONTINUE

DYOT = 2.4D707
WRITE (6,138) DTOY
DYO(LSTART) = DTOT
DTOR = DTORB+DTOTY
tF (NS.NKF.1) GO 70 18
byol = nTeT
CONTIMNE

CONTINUE

GO 7O 29

CONT [MUE
GENMETRY CALCS FOR WAKE MADE OF STRATGHT SEGMTS(CONCTD)

READ (54137) NBRK

NAR = NBRK=]

PEAD (54137) (LSEG(I)+I1=14NBR}

NBRK FOQUALS NUMHER OF DIHEDRAL CHANGES OR JCTS WITH
OTHER LIFTING LINES 42

READ (54136) (YY (1) 47 (1)yPP(])eI=14NHRK)
D0 21 1=1,NBRK

WRITE (64132) YY(1)4Z(1)sPPL(I)

DO 22 1=14NRP

PERIF(T) = SQRT((Z(T+1)=7 (1)) 8224 (YY(I+1}=YY(I))*a2)
DTOT = 0,

DO 23 1=14NBR

DTOT = DYOT+PERIF(])

WRITE (6+13R) DYOT

NTO(LSTARTY = DTOTV

DTON = OTNB+DTOTY

IF (NS.NE.1) €O TO 24

DT0) = NTOT

CCONTINUE

DO 25 1=14NERK

PP (1) = DTR#PP (1)

HBILSTART) = 2,#ARS(YY (NBRK))

IF (ICMTRL ,EQ.F) GO TO 30

DO 26 1=14HBR

SEG(I) = 0,5#FERIF(IY/LSEG(])

CONTINUE

I PR PP P A SRR R BB R BB B BB B I B B B N I b I b b I I JF 2B Jb b _Jb

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

203

204
205
206
207
208
209
210

PAGE
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7t

215

eao

225

230

235

240

245

PROGRAM DNWASH

OO

27

o8

29

30

31

32

33

34

S = SEQ(NER)

SNN(NS) = S

PPP(NS) = PP{NBRK)

YHH (NS) = YY(NBRK)+S#COS(PPP(NS))
ZHHINS) = Z{(NBRK)+S2SINIPPPINS))
N1l = NS

DO 28 u=1.NBR
NSEG = N1+LSEG(NHRK-J) =]

IT = M1s

LL = NRR-J

LH = LL+l

DO 27 1=11,M5t6

SNN(I) = SEQ(LH)

YHHUT) = YHH{1-1)+2.#SEQ(LH)#COS(PPP(N1))
ZHH(T) = ZHH{1=1)+2,9SEQ(LH)®SIN(PPP(N1))
PPP (1) = PPP(N1)

Nl = N1+l SEG(NBRK=J)
IF (LL.EO.0) GO 70 28

ShHN(NTY = SEO(LL)Y

YHH(NY) = YHH(NSFG)+COS(PP(LH))®SEQ(LL)+COS(PPP(NSEG))*SEQ(LH)
ZHH(NT) = ZHHINSEG) +STN (PP {LH) ) #SEQILL) «SIN(PPP (NSEG) ) *SEQ {LH)
PPP(N]1) = PP(LH)

CONTINUE

CONTIMNUE

G0 TO 4?2

COSINF SPACIMG CALCULATIONS

CONT INUE

IF tYY{1),EQ,D,) GO TO 32

DO 31 1=14NRR

DTHETF(I) = PI/(FLOAT(LSFG(NPRK=1)))

G0 10 35

00 34 I=1.NRP

IF (I.FQ.,NHR) GO TO 33

THE VARTAHLE DTHETA 1S NAMED ARKAY DTHETE(I) IN ICNTRL=8
DIHETF(]) = PI/(FLOAT(LSEG(NERK=-1)))

GO TO 34

CONTINOE

DTHFTF (1) = PI/(2.,%FLOAT(LSEG (NBRK=-1)))
CONT Ut

IF (HNAR.NE.]) 6O To 35

»D>P>PDPDPPPDPIPEPERIPPIIPDEDDDDPIIBDPEIRIPRPIIEDEEDPDD

211
212
213
214
215
216
217
218
219
220
221
°22
223
224
22%
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

PAGE
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ce

255

260

265

270

275

2840

285

290

PROGRAM DNWASH

as

36

37

3R

41
42

43

SHN(NS) = 0,5¢PERIF(1)#(1,~COS(DTHETE (1))
60 T0 3¢

FH = n,S*FPERIF (NBR)

SNN(NS) = 0.58BH®(],-COS(DTHFETE(1)))
PPP(NS) = PP (NHRK)

NN =

PO 40 I=1,NPPR

MN = NMeLSEGINHRK-T)

IF (T, FRNBROAND,YY (1) ,EQ,.0.) 6O TO 37
BH = 0, S#PERIF (NHPK=1)

60 T0 38

COMT INNE

RBH = PERIF (MPRK=1)

COMNTINUE

LL = LSEG(NRRK-T)

DO 39 J=1,tLL

IF (1.,FQ.1.AND.J.EQ.Y1) GO TO 39

MM = NN=-LL+J

KM = NS+NM=]

“PPP{KM)Y = PP(NBRK+1~-1)

SNN (KM) 0,50#AH2 (COS(FLOAT (J)#*DTHETE (1)) =-COS(FLOAT(J=1)*DTHETE (]
nn

SHNR (KM) = ABRS (SNN({KH))

COMTINUE

CONTINMUE

YHH(NS) = YY(NHRK)} +SNN(NS)*COS(PPP(NS))

ZHH(INS) = Z{MHEK) +SNIH(NS) #SIN(PPP (NS))

NSEG = NTOT

DO 41 1I=24MSEG

I = N&-1+11

YHH({I) = YHH(I=-])¢SHM(I=1)aCOS(PPP(I=~]1))¢SNN(T)®*COS(PPP(I))
ZHH(TY = ZHH(I=))+SHM{T=1)aSINC(PPR (I-1)1 ) +SNN(TY#SIN(PPP(]))
CONT INUE

CONTINIE

IF (LSTART,.EQ.NLLINF) GO TO 43

LSTART = 1 STARY )

GO 10 ?

CONTINUF

IF (JCMTPL.FQ.€)  WRITE (64139)

1F (ICMTRLLER.TY  wRITE t64140)

IF (JTENTRL.FQ,A)  WRITE (6y)41)

LN = NLLINE.+]

A 3 b 20 2 Jb 15 2B 2 B 20 35 b b B I 3B b b b 3B B b b I b I 2B 2 25 b 2 b 25 b Jb_Jb 35 20 _Jb 3 B J

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
7269
270
271
272
273
274
275
276
217
278
2719
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

PAGE
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9¢

29%

300

310

315

3290

325

330

335

PROGRAM DMUASH

s EeNe]

s NaNe]

44
45

46

47

4R
49

NSPT(LN) = NTOTT+1
WRITE (hel4?)

WRITE (69143) (ToYHH(T) o ZHHII) oPPP (1) o I=1,NTOTT)

WRITE (64144)
WRITE (64145) (T4SMN(T)sJ=1sMTOTT)

READ,WPITE CL SREF 4 ETC

READ (S+136) CLDESSREF
BSAVE = tt))

IF (NLLINELEQ,1) G0 TO 45
DO 44 1=2,NLLINE

BTFEM = A(I)

BSAVF = AMAX] (RSAVE HTEM)
CONTINUE

ARAT = RSAVE®HSAVE/SREF
SMIN = SNM(])

DO 46 T1=2.NTOTT

STEM = SNN(T)

SMIN = AMIMY(SMINsSTEM)
TOU = S,E~058SMIN®NSPY (2)
ToL2 = TOL

TOL3 = 0,0058#SMIN

WRITE (6,157) TOL2
END GENEHAL GFOM CALCS

CONTIMYE

IF (IDRAG,.FO,.?2) GO 10 Sp

WRITE (64146) CLDES,SREF,BSAVE ,ARAT

WRITE (64149)

IDRAG = IDRAGs]

SET UP ALL A FOR MINK CRITEFION OPTIMIZATION
DO 49 I=1,NTOYT

DO 48 Y=1.NTOTT

CALL WCAL (1,3JuNTOTToYHHyZHHsPPPSAOPT (14J))
AOPT(T,J) = BCPT(TeU)®2,/SREF

CONT INUF

COMTINUE

TIL = NTOTTe]

DO 50 I=1.NTOTT

BESIM(T,1) = €COS(PPP (1))

PP PP PEDIPIPIEPIERPDRIRDPRDDP

295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313

B
wW
m



LE

3s0

35%

360

365

370

ars

PROGHAM DNWASH

[sEaXe]

S0

51

52

53

54

AROPT(T,1i.) = COS(PPP(T))

CONT INUF

0O 51 I=1lsNTOTY

DO 51 J=1,MTOTT

ASIM(T,U) = AOPT (L)

COMNTINUF

IL1 = NTOYY

ABOVE 111 1S TEMPURARY SET tG NTOTY
GO 10 17

CONTINUE

SFT P ALL A THROUGH F FOR ALL 1sJ T0 DO DIRECT OPTIMIZATION
INRAG = IDRAG+]

IF (NLLIMNE,NF,Y) GO TO 2

NTOT2 = NTOTTs2

NTOT3 = NIOTT+3

DO 53 I1=1.NT0T3

NO 53 J=1.NTOTI

TI(I.0) = 0,

T2 l.u) = 0,
T3(14J) = 0,
Ta(lsd) = 0,
T5(1+d) = 0,
Tatlyd) = 0,
CONTIMUE

NO S4 T=1,NTOTY
11 = 1¢)

DO 54 J=14MTOTT
J1 = 0+l

CALL DPRACAL (I4JyYHH,ZHHPPPyAINT)
TIC(Il4J1)Y = AINT(])

T2(I1,J1) = AINT(?)
T3(I1,J1) = AINT(D)
Ta(IlsJl) = AINT(&H)
TS(T14d1) = AINT(S)
TE(LY14dY) = AINT(6)
CONTINUF

DIRECT OPTIMIZATION MODS

DO 56 T=1,0TOTT
Il = Ts1

NO 56 0=1.NTOTT

b 26 B 25 1B I0 I 30 25 25 35 35 30 35 2B 15 Ih b 35 I I 35 25 25 _Jh Qi b b Jb 2B 35 20 _Jb Jb_Jb Jb 35 28 3 g

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
sy
358
359
360
361
362
363
364
365
366
367
368
369
370
3n
372
313
374
3715
376
3717
378

PAGE
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8¢

3R0

38%

390

395

400

415

420

PROGRAM DNWA

55

b6

57
5A8

59

(X1l

61

62

SH

Jl = sl

AOPT(TI4J) = TIC(I1 o)) =T4 (T o)) =TS {I1sd))+TO(T)oJ1)+TI(Il=1,J1})=T4
TE1=13dD) #1585 (11=1od ) =TOE(T1=00d 1) ¢TI (L1 yJl~)) ¢TG4 (I1=19J}~124T5¢(1
21=14J1=1)+TA(T1=1ed1=1} 4T3 (1) 0dl=114T4(1]1,J1=1)=TS5(114J)=1)=T6(I1,
IJI-1) 41 oS8SMM IS (TI (T o JdI)=T2(I1oJL) ) 4] SHSNN(IIN(TI(IlsJl=~1)eT2¢(
411,J1-1))

IF (1.F0,1) GO TO 589

AOPT (Tod) = AOPT(T9J) +.58SNN(I=1)8(T1(11-1,J))=T2(T1=14J1)eT1(I1-]}
Todl-11472(11=1,J1-1))

CONTINUIE

AOPT (1,J) = BOPT(14J)%20,25
CONT INIIF

NO 64 JT=1,MTOTT

11 = 1+1

IF (1,FQ.1) GO T0 60
SCON = Q0,58 (SMNN(T)+SNN(I=-1))
TEMP = 0,

N0 59 J=14NTOTT
J1 o= Jed

TEMP = SeSNN(T-I#(TL(TLedD)=T2(11+J1)+T1(119J1=1)sT2(11yJ1l=-1})}
IF (1.EQ.NTOTT) 6O TO S8

IS = T+1
NO &7 IP=IS,NTOTT
1P1 = [Ps]

TEMP = TEMP+SCONR(TL(IP1,J1)=T2(IP]oJ]1)+T1(IP1yJ1=1)+T2(IPLlyJl~1))
CONT INUE

AOPT(T4J) = AOPT{l,J)+TEMP
AOPT(1.J) = AOPT(14J)/SREF
CONT IMGUE
GO 1O 63
CONTINUE

SCON = JbaSNN(1)
DO €2 J=1.NTOTT

JI = Je)

TEMP = 0.

DO &1 IP=2.MTOTT
IP1 = TP+]

TEMP = TEMP+SCONO(TI(IPIWJI)=T2(IP1sJ]1)+TL1(IP)yJ1=))+T2(IP]sJl=1))
CONTIMUE

AOPT(T4J) = AOPT(IyJ) eTFMP

AOPT(1,J) = ACPT(1+J)/SREF

CONTINUE

I B S B B R I I I I D D b B I B B I Jb Jb 2B b _Jb _Jb 2 b 2 4 2 4

379
380
381
382
3a3
g4
385
386
387
kL1
389
390
391
392
393
394
395
396
397
398
399

401
402
403
404

406
407
408
409
410
411
412
413
414
415
416
417
418
“19
420

PAGE
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6€

430

435

440

450

460

PROGRAM NNWASH

63

€4

[}

66

67

&A

69

70
71

72

73

CONTINUE

CONTIMUE

0O 65 I=]1.NTOTT

DO 65 J=14NMTNTT

Titlsd) = AQFT(Js1)

DO 66 T=1,NTOTT

DO 66 J=1+NTDTTY

AOPT (ToJ) = 2,8 (AOPT{Isd)+TH(1sd))

CONTIHUE

IL = NTOTT+]
1 =n

ILz = TL+1

DO A7 I=}.lL

AOPT(1,1L2) = 0,

CONT LHLIE

AOPT (IL1sILP) = CLDES

AOPT{IL1e1) = ReCOS(PPP(1))®SNN(]1)#*#2/(3,8SREF)
DO 68 I=PNTOTY

AOPTUILL+1) = (29COS(PPP(I))®SNN{L)##2+COS(PPP(1~1))*SNN(]I-]1)0u2)s
14,/ (3,2SREF)

COMNTINUE

SUMX = 0.

DO 69 [=2.MTOTT

SUMX = SUMXCOS(PPP(I))I#SNN(T)

CONTINUE

AOPT(TL1eY) = AOPT (Il 141} e(h4/SREF)#SNN(])#SUMX
NO T2 1=24NTOTT

SUMX = COS(PPP(I))8SHN(I)YuSNN(I=1)

11 = Tl

IF (1.FQNTOTTY 60 TO 71

DO 70 J=I1.01TOTT

SUMX = SHMX+COS(PPP (J) ) #SNN(J)# {SNN(I)+SNN(T-1))
CONT IMUIE

CONTINIE

AOPT(TL1s1) = AOPT(EL 1,10+ (4./SREF)®SUMX
CONTIRUE

DO 73 1=1.NTOTY

AOPT (T 1a1) = 2,#A0PT(ILY.])
CONT I HUE

DO T4 1=1,NTOTT

ACPT(I,ILY) = AQPT(IL1,1)

PR PP R B E B BB B BB S B I I I 2 b B 2 I B Jb b Jb_Jb 25 20 _JB Jb_Jb _Jb b 2 4

421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
4hé
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

PAGE

1

i |



o%

470

475

485

490

S00

PROGIRAM DNWASH

s Nz EaRal

T4

75

76

17

78

79

an
Pl

ag

83

COMTINUE

nNo 75 1=1,101

CLP(T) = AOPT(I11.])

CONTIMUE

WRITE (64147) (CLPIT)oI=141L])
AOPTLILL,IL Y)Y = 0O,

DO 76 I=1,.1L1

DO 76 J=1,1L1

ASTM(T,J) = AOPT (1))
BSIM{TI,1) = AOPT(1,1IL2)
CONTIMUE

WRITE (F+148)

COMT INUE

CALL SIMEQ (ASIM,IL14BSIM,12DETSIPIVOT 451, ISCALE)
IT = Itl+1

no 7R T=1,.101

AOPTI(TIT) = BHSIM(I,1)

SET IL) RACK TO NTOTT#}

IL1 = NTOTT+1

IF (IDPAG,NE,3) GO TO 81
CLCHK = 0,

DO 79 TI=1.NTOTT

AOPT(T.IL2) = BSIM(I.1)

CLCHK = CLCHK+CLP(T)#AOPT(I+IL2)
CONTINUF

WRITE (6,5150) CLCHK

DO A0 I=1,11

WRITE (64152) T1,A0PT(I.IL2)
CONT INYE

WRITE (64151)

CALCULATE ROUND CIHCULATIONS AND
CALCULATE CMTRLN DOWMWASH DIVIDED RY FRFESTREAM U

NTOT1 = NTOTTe)

SUMGAM = 0,
AOPTINTOT]HILY = 0O,

IF (IPRAG,NE,.3) GO TO A3
DO 82 I=1,1L

AOPT(T,IL) = AOPT(I,IL2)
AOPT (1L, IL) = 0,

CONTItE

)))))Db))))’))))))))b))b))))))))b)))))))))

463
464
465
466
467
468
469
470
471
472
473
474
475
416
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504

PAGE
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1Y

505

510

515

520

52%

530

540

545

PROGHAM NNWASH

B4

85

g6
a7

e8
A
90

91

92

93

NO B4 I=14NTOTY

CALL GAMCAL (T.1L SNMyAQORT,,RGAMO)
BGAM(T) = BGAMO

CONTINUF

1IF (NMLLINE,EOL1)Y GO TO 90

MLY1 = NLLINE=-]

DO 85 F=l.N00

11 = NLLINE=T4])

I} = 111

JE = NSPTU(IN) -]

GSUMIT) = HGAM(JF)+AOPT (JF 4 IL)RSNN(JE)
CONT THUE

DO BY T=1l.M1]

11 = NULINF-142

JE HSPT(I1) -1

Yy YHH{JE ) s SNN (JF ) #COS(PPP (JE))
IF (ARS{YT)},1 T,0,0001) GO 1O 89
JE = NSPT(2)~1

DO H6 J=1.JF

Js = J

IF (YT.LT.YHH(J)}) GO T0 A7
CONTINUF

CONTINUE

DO 88 J=JS,.JE

BOAM(J) = BGAP (J)+GSUMLT)
CONTIMYE

CONTINBE

CONTINUIF

SUMGAM = 0,

DO 94 [=1,4NTOTTY

PO 91 J=14NLLINMF

JJd = Jed

JCHK = MSPT (JJ) =1

IF ([,FO.JCHK) GO TO 92

CONTINUE

SUMGAM = SUMGAM+COS(PPP (1))} ® (SNN(1) a2 (AOPT(JeloIL)+2,%A0PT(I,IL)

oo

1) /73 +SHN{l)yefiGaM{]))

60 TO 93
CONTIMUE

SUMGAM = SUMGAM+COS(PPP (1)) 8 (SNN({]1)2a282 0 A0PT(1.TL)/3.+SNN(1)*RGA
IM(T))

COMT INUIF

b b5 I 20 _3b 2B 25 2B b Ib_Jb 3 Ib I 2B b b 3 B b _Jb 25 B _Bb b I b b 2 25 3 BB _Jb-2b _Jb 3B b b b

505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

538 .

539
540
541
542
543
S44
545
546

PAGE
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[44

PROGRAM DNWASH PAGE 14

94 COMTINUE
IF (NLE INE.MEL1) GO T0 95
JE = NSPT(7)-1
550 95 COMTINIE
RGAM(NTOT]) = HGAM(JF)+A0PT (JEJTL) #SNN(JE)
WDEU = CLOESHSREF/ (R, 9SUMGAM)

547
548

RESCALF OPT SHFI) SHFET STRENGTHS

55% 10 BE NIVIDED BY U INSTEAD OF W

e NeNeNel

IF (IDRAG,.FO,3) GO TO 97
DO 96 I=1,MTOT]
BOAM(T) = HGAM () sWNRY

SUMGAM = SUMGAM/DTHB
SUBGAM = SURGAM/OTA (Y)Y
NS = tiISPT(2)=2

A
A
A
A
A
A
A
A
A
A
A
A
A
560 96 AOPT(Y.1L) = AQPT(1,410L)#uWDRY A 560
97 CONTINUIE A 561
C A 562
C RESCALF ROUMD + SHED STRENGTHS TO CALCULATE AVG + NON-DIM VALUES A 563
C A 564
565 [o AOPT(T.1IL)=0PT SHED SHEET STRENGTHS A 565
C HGAM{1)=0PT ROGUND CIFC VALUES A 566
Cc CNRAG(T)=0PT NON DIM BOUND CIRCS A 567
C GAM(I)= OPT MONM DIM SHED SHEFT VALUES A 568
C A 569
570 SUBGAM = 0, A 570
SUMGAM = 0, A 571
NS = NSPT({2)~] A S72
00 100 F=1.NS A 573
TFMP = AGPT (T+1,11) A 574
ST% 20 99 J=1,M.LINE A ST5
JJ = Jed A 576
JOHE = NSPY (JJ) =1 A 577
IF (I,NELJCHK) 60 TO 9A A 578
TEMP = 0, A 579
580 9p COMTIMIIE A 580
aq CONTIMUE A 58}
SHMOGAM = SUMGAMIShN(T)I A (TEMP+AOPT (T.IL)) A 582
SUBGAM = SUBGAM+P ,#SNN{T)# (HGAM(L1)+ (SNN(T}/12,)% (4, *TEMP+B,#A0PT(I A 583
1,1L))) A 584
585 100 CONTIMUE A 585
A
A
A




14

590

595

600

605

610

615

620

62%

630

PROGRAM DNWASH

102
103

104

105

10€

107
108
100

MGl = NS+)

DO 107 I=].05

IF (ICNTRL LEN.6) GO TO 18]
CORAG(T+]) = PEAM(14+1)/SURGAM

G0 TO Y02

CONTINUE

CORAG(T+)) = RGAM({1+]1)/RGAM(NS])
CONTLHUF

CONY INUE

JL = NSPT(2)-]

CDRAG(NTOT1) = RGAM(JL) +AO0PT (JLsIL)=2SNN(JL)
CORAG(NTOTY) = CNRAG(NTOT1)/SUBGAM
DO 104 1=t NTOTT

GAM(I) = AOPT(1,1L)/SUMGAM
CCNTINYE

CPRAG (1) = 0,

GAM(MTOTE) = o,

TF (NLLINE.FO.1) GO TO 109

NO 108 I=24t0 LINE

JS = MSPT(I)
IT = J+1
JE = NSPT(T1)-1

SUPGAM = O,

0N 106 J=JS,JE

TEMP = AOPT (J+141IL)

IF (J.MNEJJUE) €GO T0O 105
TEMP = 0,

COMT IniE

SUBGAM = SURGAM+P,#SNN(J)# (BGAM(J) + (SNN(J)/12,)% (4, *TEMP+B,%A0PT (J

T+IL )Yy

COMTINUE

SHRGAM = SUKGAM/DTO(])

NO 107 J=uS,.JUF

CNRAG(J) = FGAM(J) /SURGAM
COMTIMUE

CONT IMUIE

COMT INUF

DO 112 1=1,NT0T)

1F (1.,FO.MTOTYY GO FO 110
FTA = 2.8 (=YHH () +SHN(T)®COS(PPP(1)))/BSAVE
GO TO 111

CONTIMUF

b 35 I 5 35 b 2b 25 b Jh 25 35 I b 2 Ib I Jb I Jb b b 45 b R .2 0 B B _B_I5 25 I 2 b I I 35 35 25 J

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

PAGE
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o

7%

635

640

645

650

655

660

665

670

PROGRAM ONWASH

e Ea¥el

112

113

114

115

117

118

119

ETA = n.

COMNTIMUE .

WRITE (64152) ToAGAM(T) 4CDRAGILI)»AOPT (141 ) 2GAM(T)FTA
CORTINMNUE

INDUCFO DRAG CALC USING ANALYTICAL INT OF Wh TIMES ROUND CIRC

ch = o0,

MLL = NLLIME+]

10 119 1=1.MTOTY

DO 113 K=2,NLL

ICHK = NSPT(k)=-]

IF (ICHK,.tQ,T) GO TO 114

COMTIMUE

XTI = RAGAM{]) 4, ,250SNN(T)2(AOPT(Lel TL)+3,8A0PT(1,10))

YI = S#(AOPT(T¢1,IL)+AOPT(1s1L))
71 = 5#(AOPT(I+1,IL)-AOPT(I,IL))
GO TN 115

CONTINUE

X1 = AGAM(1) +,754SHN (1) #AOPT (I,]IL)
Y1 = ,54A0PT(I.10L)

1 = =yl

CONT I NUF

DO 119 J=1,NTOTT

NO 116 K=24HLL

JCHK = NSPT(K) =1

TF (V. F0,JCHK) GO 10 117
COMTINUE

YJ = JSH(AOPT (J+141L)+A0PT (JsILD)
7J = JSH(AOPT(J+1,11)=RA0PT(Js 1))
60 T 11K

CONTINOE

YJ = 0,58R0PT (U, IL)

74 = ~yJ

CONT INUYE

CALL DRACAL (TadyYHHIZHH.PPPYALINT)

CDT = XInYJRAINT (1) +xIa7 J0AINT(2) +YI&YJRAINT (3)+YT#ZJURAINT (4)+2Z]10Y

TURAINT (5) 4718708 AINT (6)

ch = cp+CO1

CONTTHUE

Ch = CO®Z,./SREF

1F (IDRAG.EQ.3) GO T0 120

)D)))))))))?))))))))D)D)D))’bb)))h)))b)b)b

631
632
633

635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
666
665
666
667
668
669
670
611
612

PAGE
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Sy

675

680

685

690

69%

708

710

PROGRAM DHWASH

120

icl

122

123

124

125

126

re?
128

12¢

130
131
132
133
134
135

WRITE (641%4) €D

GO T0 171

CONTINNE

WRITE (Hr153) €D

CONTIMUE

DIDEAL = SKHEFaCILNDISeaz/(Ple(HSAVE)#a2)
IF (INPAG.EN,3) GO TO 122
WRITE (64155) DINEAL JWDHU
CONTIMNE

DEFF = DINDFAL/CD

YRITE (6e156) DFFF

ISTOP = 1S1nPs+])

DO 123 I=14MTOT]

GAM(I) = ADPTY(I.11)

GO 10 3

CONTIMIE

chapp = 0,

NO 128 [=1.NT0TT

DO 125 J=1yMLLINF

JJd = U+l

JChK = NSFT(JUJ) -1

IF (I.,F0.JCHKY GO TO 176
CONTINUE

CDAPP = COAPP42 ,#SNM (1) aNUSH{T) * (BGAM(]) + 254 (AOPT(I+]9IL)+3,%00P
1T I 2ShN(I )

6n 10 127
CONTINUE

CNAPP = CDAPP4+2 , #SHN(T)#ONWSH(I)# (RGAM(]) + , 758 A0PT(T+TL)RSNN(]))

CONTINITE

COMTINNE

CDAPP = 4.#CDAFP/SKFF
wRITE (6.158) ChAPP

IF (INPAG,EN,3) GO TO 2
60 TO 47

CONTINUE

FORMAT (1H])

FOPMAT (S15)

FOFMAT (25%43F15,5)

FOPMAT (//33x 4 1HT 47X, BHDOWNWASH TX 4 10HW/COS (PHT) /)
FORMAT (J0X41542F15.5)

FOPMAT (730X, 22HGFRFRAL INPUT GEOMETRY//)

PP PDPPDPPPEREDRIPPBEEDIBEDDEPRPEIIDEIDEBRDRERDDIDDDD DD

673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

705
706
107
708
709
710
711
712
713
T4
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PROGRAM DNWASH PAGE 18

715 136 FOPHMAT (6F10.0) A T15
137 FORMAT (1015) A T16

138 FORMAT (30X «3AHTOTAL PLANFORM PERIPHERAL LENGTH=4F15,5/) A T17

139 FORMAT (/30X 1THCIRCULAR ARC WING) A 718

140 FORMAT (/30X 21HFQUAL SEGMENT SPACING) A T19

720 141 FORMAT (/30X +22HCOSIMNF SEGMENT SPACING) A 720
147 FOPMAT (/24X +PHSFOGMT NOWBXo1hYs 15X 1HZ 913X ¢ 3HPHI /) A 721

143 FORMAT (25X 1543F15,.6) A T22

144 FORMAT (/72TX 4 IHTI sAXs6HSNM(T) /) A 723

145 FORPMAT (29X415,F12.5) A T24

725 146 FOPMAT (/77 25X 420HNEFSIGN LTFT COEF, = yFl0,5/7¢25%X,22HWING REFEREN A 725
1CE ARPEA = «F10,5//+85%Xy 16HKEF WING SPAN = 4 F10,5//7¢25Xy A 726

PISHASPFCT RATIC = 4F10.,5%/) A 727

147 FORMAT (/1X410F10,3) A 728

148 FOPMAT (//7/25X+54HNIRFCT OPTIMIZATION USING ANALYTICAL EXPRESSION F A 729

730 10R €D/ /) A 730
149 FORMAT (///25X43ATHOPTIMUM | OADING USING MUNKS CRITERION//) A 131

150 FORMAT(//23%446HLTIFT COFFF CALCULATED FROM CLP AND SOLVED GAM=, A 7132

1€13.5/) A 733

151 FORMAY (/722X «5SHSEGMT 43X 10HHOUND CIRCo2X 9 AHHGAM/AVE 44X 10HSHED STR A 734

73% 1H SX 3 THGAM/BVE s AX W« IHFTA/ /) A 735
152 FORMAT (20X 16,6E13,5) A T36

153 FOPMAT (/7/25X+¢ THCD CALCULATFD USING SUH DRACAL AND LOADS FROM DIR A 737

1ECT OPTIMIZATION = 4F15,5//) A 738

154 FORMAT (//7/25% 464HCD CALCULATED USING SUBR DRACAL AND OPTIM LOADS S A 739

740 LING MINK CRIT =,F15,5/7) A 740
155 FORMAT (25X, 19BCOH FOR FLAT WING = 4E15,5/25X+3SHRATIO OF ZERO DIHED A 741

1PAL NOWMWSH/IY = JE15,5/7) A 142

156 FORMAT (/725X 49HINDUCED DRAG EFFICIENCY FOR WINGS OF EQUAL SPAN = A 7413

1.F15,4/) A T4y

745 157 FORMAT (/29X 4140TOL TN SNTAN =4E£15,5/) A 745
158 FORMAT (/25X 2HHAPPROX CH YSING SOLVED BOUND/25X+42HCTIRCULATIONS AN A 746

ID WASHFS AT SEG MIDPOINTS =,£813.5/) A T47

END A 748
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SUBROUTINE GAMCAL

fnNaNeRel

L

SURRNDNTINF GAMUCAL (T41L «SNNAOPTHyHGAMOD)

CALCUL ATE EOLND CIRCHULATION AT LEFT END FT OF SEGMENT T+BGAM
AOPT LAST COLUMN CONTAINS AKKAY OF OPTIMIZED SHED SHEET STRENGTHS

COMMOM  /FEN/ NSPT(10) oNLIL ThE
DIMENSTON  SHN(1)}s ANPT(H2,4])
DEAMO = O,

NO 1 K=1leNlLIME

KK = HLLINE=-K4+]

KCHK = NSPT(kk)

IF (1, FG.KCHK) GO TO 4

IF (1,GI . KCHK) GO TO 2

CONT INUF

CANT ENEIE

FST = KChk

AGAMO = AOPT(EST,IL)#SNN(KST)+AOPT (1sIL)®SNN(]I=1)
KCHK] = KCHK+]

IF (1,FE0.KCHKI) 60 70 S

M = ]-1

IP = KCHK+]

no 3 J=1PIn

BGAMN = RGAMN+AOPT (Jy1L)® (SNh{J=-1)+SNN(J))
CONTIMNUYE

GO 10 5

BGAMO = 0,

CONTINUE

RETURN

END

PRI PITCTTT IO IDITDITDIITITTTIITTT

VDTN, WN -
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SURROUTINE wCA|

ANONOO

SUBROUTINE WCAL (TeJeMTOT 3 YHHZHHPPPARRAY

CALCULATE MATRIX COtFFICIEMT FOR DRAG OPTIMIZATION USING MUNK CRIT
FINDS COEF OF TTH DOWNWASH DUE TO JTH SHED SHFET STREMGTH
1Es FINDS COFF MULTIPLYING STRENGTH J IM EQUATION 1|

DIMENSTON  YHH (1)« ZHH(1) 4 PFP(])

COMHON /SEG/ SNN{S])

COMMOM  /FEN/ NSPT(10) oNLLINE

INTEGFR P

P1 = 4,2ATEM(],)

AAAS = O,

ICHTRL = O

P =1

K = J

CONTINUE

CALYL CCAL (PoXKoYHHeZHH)PPP sSKNIK) ¢ AA BB ¢DDFF e GGoEE ¢ AJyAK4RRyTTyUU
ToeWW)

CALL CONCAL (ABJHHGFF 9GGsSNN(K) sA3HoCoDsF 4GoHJI4BIK,RLyBMyBNyBOsBP, 1
1)

IF (kR FO,0,) GO T0 2

EXPR = P,4#(ATANP(CsAHS(RR))=-ATANZ (D4AHS(RR)) )/ (ABS(RR))Y

GO 10 3

CONTIMUE

EXPR = 2,/0-2,/C

CONTINUIE

RL.OG = AlLOG(F/G)

AIPK = (A8 XPR4+,54HR#RLOG) /(2.2P1)

AIPK = (BLOEXPR+2,#HRESNN(K) +BO#RLOG) /(2. #PI#SNN(K}))
CALL CONCAL (DDEF 3 AJsAKySAN(K) sAsHsCoDoF 4GoBJyBK (AL yRMaBN4BOWBP 2
n

IF (n,t0.0,) 60 TO 4

EXPR = 2,4 (ATANR2(CLARS (U ) -ATANZ (DABS (BUY )Y/ LABS (UU))
GO TO S

COMTINUF

EXPR = 2./1=7,/C

CONTINUE

RLOG = ALQG(F/G)

APPK = «~(ARFXPR4+ ,SUEFHRLOG) /(2.#P1)

AGPK = ~(FLUEXBP 22, 4 EXSNN(K) +BORRLOGY/ (2, 8PToSNN(K))

IF (ICMTRL.FO,7) GG TO 7
AAARA = (AIPK+APPK)® G- ({A3PK4+AGPK) R 50

OOAMAAOOOOMAO0OO00OA0OON0NNO0OONOONOO0OOO0

VO~ NE WA -

PAGE

1




6%

45

S0

SURROUT INE WCAL

ICNTR, = 2

N0 & L.=1+NLLTNF

JCHK = NSPT (L)

IF (K,FQ.JCHK) 60 1O H
CONTINUE

K = J=1

6N 10 )

CORTINUE

ABAD = BAAACO,SH (ATPKAPPKLASPK4ALPK)
CONTINUE

RETURY

FND

OO0

PAGE
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SUBRNUTINE CCAL

OO0

SUBROUTINE CCAL (leJsYHH, ZHH«PPP S, AA BB DN yFF ¢GGLEE 3y JUsKKyRRyTTH4U

1UsW)

SURROUTINF CCAL

CALCULATES GFOMETRICAL CONSTANTS NEEDED IN EVALUATION OF INTEGRALS

FOR VARYIMG 1 AND J VALUES

REAL  JJkK

DIMENSTON  YHR(1)e ZHH(1}, PPP(1)

DY1Jd = YHHUIT) -YHH D)
DZ71Jd = ZHH{I)=7HH(J)

€Ol = COS(PPP(T))

SI1 = SIN(PPP(1))

COJ = COS{PPP(J))

SIJd = SIM(PPP (J))

AA = DYIJ®COI+N7Z1J%ST]

AR = =COSIPPP{JY-PPP (1))

FF = <28(DY1J8C0OJ+D71J8S1Y)
66 = DY1JU#DY1J+DZ710#DZ1J

DYIJP = YHH(T)+YHH({J)
DZ1JP = DZ1J

DD = DYIJP#COI+DZIJPHSIIT

EE = COS(PPP(J)+PPP (1))

JJ = 2,4(DYTJPHCOJI=DZIIPRSTY)
kKK = DYIJP#DYIJUP+D71JP#DZTUP
PR = 2u(0videsiag-DITJsCOdy

TIT = 2#SIN(PPF(J)=-PPP(]I))

WO = 2, (DYIJP#STIU+DZTIJYPH#COJ)
WW = 2,42SIN(PPP (J)+PPP (1))
RETURN

END

OCOoODOCUOOICOOOYUODUODOVOOCUSTTOSID
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SUBROUTINE CONCAL PAGE 1

1 SURROUTINE CONCAL (AAGBBoFFsGGoSeAyHoCoDoFoGodoKolLgMoNyO9PyICNTRL) E 1
(o E 2

C SUBROUTINE CONCAL E 3

C E 4

s c CALCHLATES GFOMETRICAL CONSTANTS NEEDED IN EVALUATION OF INTEGRALS E 5
c E 6

REAL  JeKsel yM4N [ 7

A = AA-0,5%RRANFF E 8

B = 1,-BR*HR E 9

10 C = FF+2."S E 10
D = FF=?2,%S E 11

F = SHS+SHFF4+G6 E 12

G = S#5-S8FF+GC £ 13

J = 2.8 (AAeSHPR) E 18

15 K = 2.2 (AA=SARH) E 15
L = 0,5 (BB*FFoFF-AARFF-2,0HE#GG) E 16

M = 0,52 (=FF=6,2AAHRe4 #FFoBE*BB) E 17

N = 2.,%(Hb®RR-],)®HR E 18

0 = 0,58 (AA=FF#HA) E 19

20 P = 0,5%(1.,-2,*AB%HY) E 20
RETURN E 21

END E 22
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40

SUBROUTINE SNTAN

OO0 000O000

OO0

1

SUBROUTINE SMTAN (S,CsBR.RRyTToRTANYRSTANJRS2TANJRSITANIRSATAN)
SUBROUTINE SNTAN

EVALUATES INTEGRALS OF THE FORM S#aN#ATAN((C+28BB#S)/ (RR+S*TT))
ALL DIVIDED BY (RR+S#TT)
WITH RESPECT T0 S BETWEEN LIMITS OF =S AND S FOR N=041,23.

ATAN PART OF INTEGRAND APPROXIMATED AS A QUADRATIC IN S WHICH IS
FORCED THROUGH ATAN VALUFS AT «S,0,AND S,

AsC ARE CALCULATED IN SUBROUTINE CONCAL
BBsRR,TT ARF CALCULATED IN SUBROUTINE CCAL

RESULTS ARE RTAN,RSTANJRS2TANGRS3ITAN

APPROXIMATE INTEGRAL EVALUATED USING MACSYMA PROGRAM OF MIT PROJ,
EVALUATION OF INTEGRALS FOR TT=0. BEGIND AT AT LABREL 10

STNGULAR INTEGRALS EVALUATED AT APPROXIMATE ENDPOINTS,+~SAWAY
MIDRANGE SINGULARITIES EXCLUDEDIATAN PART OF INT APPROX~

IMATED AS 2 QUADRATICS

DIMENSION AA1(3,3), AA(3), IPIVOT(I)
COMMON  /TELL/ TOL,TOL2

RRR = RP

855 = S

cCC = ¢

RTAN = 0,
RSTAN = 0,
RSZ2TAN = 0.
RS3TAN = 0.
RS4TAN = 0.0

IF (ARS(TT) LT,1E~05,AND,ABS(RR).LT,1E~05) GO TO 7
If (TT.EQ.0,0,AND.RR,EQ,0,0) GO TO 7
If (TT,£Q.0,0) GO TO 4

FIRST, CHECK FOH MIDRANGE SINGULARITIES,EXCLUDING ANY FOUND

SZERO = -RR/TT

IF (ARS (AHS(SZFRO)=S) ,LT,.1F-03,AND,ABS(SZERO) .,LE.S) GO TO 3
IF (S7ZFRO,LT,0,0.AND,S7ZERD,GT,.~S) GO T0 16

IF (S7ERQ.GE,0,0.AND.SZERDO,LT.S) GO T0 16

CONTINUE

L e R e e T e B e B B T T T T T T T T B B e T B B B B B i B B B B Mt B B Bt it B

OVRD~NPUNS WN =
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65

70

75

80

SUBROUTINE SNTAN

OO

C = ATANP(CCC4ABS(RR))

Cl = ,56(ATANZ{(CCC+2,%BB0S) yABS (RReTT#S)) +ATAN2 [ (CCC-2,*BB*S) 4 ARS
1(RR=-TT#5)))-C

Cl = C1/(5%S5)

€2 = (ATAMP ((CCC+2,#RB®S) yARS (RR+TT#S)))/S=C/S5~-C] 48

INTEGRAND NOW IS (C1#S4S+C2#5¢C)8SeaN/(RR+TT#S))

CLOGR = ALOG(ABS((RR+TT*#S)/(RR-TT#5)))

CONO = (CRTT#TT-C2#RRuTT+C12RR®RR)/(TT#x3)

CON]1 = (C2#TT=C1#RR)/(TT®TT)

RTAN = CONO®#CLNGR+2,#S#CON]

CON2 = (CoTTaTT-CP2¢RReTT+CI*RR®RR) /(TT#3)

CON3 = (CHRR#TT#TT-Co#RR4RR*TT+CI#RA%R]) /(TTnng)

RSTAN = 2,#S8CON2=-CON3®CLOGR+2,#C]aTT#TTaSHa3/ (INTTH4])

CON4 = (CH*RRORR*TT#TT=~C2#RR¥*238TT+CI#RR##4)/(TTHEG)
CONS = 4, #C2%TT883-4,*C1*RRETTN#2

CONS = CONS/(12#TT##4)

CON6 = (~CHPRUTTETT+C2*#RRERRMTT-C1#RAR®]I) /(TTas4)

RS2TAN = CON4A#CLOGR+2,#CONS#S##342,858CON6

cong 20, #(CRTTa24-C2%RRETTH#3+()2RRNM2HTTEND) / (60#TTRE5)
CON9 (C*RRea2aTT862-C24RRU#INTT+CI#RRON4) /(TTH2E)

CON10 = CH*RRew3uTTau2-C2oRR##48TT+C1*HR®##5

CON1D CONIO/(TTHe6)

RS3ITAM = 2,8CONB#S#2342,#CONI#S-CON10*CLOGR+24 ,*C1aTTRRARSHNG/ (f0%
17T#45)

COMA = (CORR#a4aYToap-CR2#RR**SHTT+CIRRRO%E)/(TTHET)

CONB = (C28TT-Cl#RR)/(54TT#n2)

CONC = (~CHRRRETTH824C2#RR0#24TT~C1#RRN®T) / (INTTH#4)

COND = CONCHRRu#®2/(TT#%2/3)

RS4TAN = CONA#CLOGR+CONBoR#S#854+CONCH225#843+CONDR24S
IF (RR,GT.0.) GO TO 2

RTAN = =RTAN

RSTAN = =RSTAN

CONTIMUE

GO T0 13
CONTINUE
SAWAY = S=TNL
S = SAwWAY

AR REERRLEERRRELREEERREEREEELERELRERLREERELERERERRE
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125

SUBROUTINE SNTAN

SO0

[aNaNe]

GO 10 1

FOR CASE OF RR NOT ZEROTT=0.0

CONTINUE

RR = AHS(RR)

ALNNUM = (2%RB)#n28Sau244uCrHBRSsRRUA24CH02
ALNDEN = (2#BH)4n28Sa02-4#ChBBRSIARAUZ+CHuD
IF (ALMNUM,EQ.0,.0.0R,ALNDEN,EQ,0.0) GO TO 5
GO T0 A

CONT INUE

S = S=-10L

ALNNUM = (29PRR)#624Su42448CHBRUS+pRUA24CH a2
ALNDEN = (20PU)sa20Suul-6nCHERRSsRRORD4COaD
RATLN ALOG (ALNNUM/ALNDEN)

TNDIF = ATAM2((C+2,%RP#S)4RR)-ATAN2((C~2,#BB#S)+RR)
TNSUM = ATANZ ((C+2.%#RB#S)4RR) +ATANZ ((C~2,#BB#S) 4RR)
RTAN ~{.,254RR/BB) #RATLN+0,5*C*TNDIF/BH

RTAN = RTAN/RR+S4#TMSUM/RR

RSTAN = 0,5#{58S+ (HR#RR=C#C)/(27BR) ##2) #TNDIF=,52RR*S/BB¢ ((,5%C*RR
11/7(2#RA) "2 ) #RATLN

RSTAN = RSTAN/RR

RS2TAN = (S#23/3)#TNSIM+ { (RR#&3=34Ca:#28RR) /(4 84BB##3) ) #RATLN+C*RR#
1S/7(34BR2#2) = ( (6uCHRRG#2=-28CHa3) /(6* (2%BH)#83) ) aTNDIF

RS2TAN = RS2TAN/RR .

RS3ITAN = (S#%4/4)%TNDIF=((C*RR##3-CH#u3#RR)/(I2BBun4) ) #RATLN=-TNDIF
1# (RR#B4-EHCOB20RRUDI+CHB4) /(647 BHAR4) ~RRuSH83/ (124BB) -S* (IRCHu240R
29%2~34RR"N4) / (484RRABHA#T)

RS3TAN = RS3TAMN/RR

RS4TAN = (S#eS/(S5#RR))#TNSUMSTNDIF# (S#CRRAA*G6=108ChoIaRARRLsCROSRR
IR##2) /(1A0#RR4#5HRR#43) ~RATLN#* (RR##6=]1 08 Cun28RRAMALSHCHR4RQREED) /(
PI200PRAB2ehRaNG) 4 CoSuaY)/ (15%BBRE2) 4S5 (CoeJ-CHRR"%2)/(10*BBess)

G0 70 13

FOR CASE OF RR=TT=0,0, IF 1=V

TOP = Ce+2,8RBRS

BOT = C=-2,%#RA#S

IF (C.FQ.0,0,AND BH,EQ,0,0) 6O TN 13
SBAD = =C/(2.%*HR)

SBADAB = AHS(SPAD)

IF (SPADAH,LT,S) GO TO 8

MMM AMMMMAMAAMMMANM AN AN AN

109
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120
121
122
123
124
125
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PAGE

3



sq

130

135

140

145

150

155

160

165

SUBROUTINE SNTA

10

11

12

N

G0 10 9

CONT INUE

WRITE (6425)

StIL = SBAD-TOL

SLL = SBAD+TOL

CLOGRY = ALOG(TOP/(C+2,#HB#SLL))
CLOGR? = ALOG(({C+2,#BHSUL)/80T)
CLOGR = CLOGR1+CI.OGR?

RTAN = < (,5/Pf)aCLOGR
RSTAN = (.25%C/RH##2)#CLOGR-({,5/8B8)#(2,#S=-SLL+SUL)
RS2TAN = =(Coup/(8,4#RHu23))#CLOGH+(C/ (4,7BB#42) )% (2,%#S5=SLL+SUL)=(,

125/8R)# (SUL#SUL -SLL=SLL)

ASITAN = (CHa3/(16,1RB##4) ) 2CLOGR-(2,%5043-SLLa43+SUL#%3)/(6,*BR)~
1(CoC/ (R vRRa®3) )& (2,4S=SLL+SUL)+(C/ (B, #BH#BB) )« (SULSSUL-SLL*SLL)
RS4TAN = =(C#ng/(32,83Bu%5))2CLUGR=(SUL##4-SLL=®4)/(B,4BB)+(C/ (12,
1#PRAHA) ) # (2 ,4Sun3-Sl ] #a3+SYL#RI)~Can2e (S| aa2-SLLeSLL)/(16,%BB%s])
2+C8830(2,9S~SLL+SUL)/(16,2Bbu®Ss)

GO 70 13

CONT INUE

IF (ARS(TOP),LT1,1€E-9,0R,ARS(BOT),LT.1E-9) GO TO )2

IF (TOP,LE.N.0) GO TO 11

1If (ROT.LE.0,0) GO TO 11

CLOGR = ALOG(TOP/BOT)

RTAN = = (1/RB)#CLOGR

RTAN = RTAN/?

PSTAN = (,25%C/RR%"ep)#CLOGR~S/BB

RS2TAN = ~(Cuap/(RRRRa»3) )8CLOGR+CHS/ (2,%8B8%%2)

PS3ITAN = (Cor3/(16.,#HBR#4) ) #CLOGR-S##3/ (3, #BH)=S*Can2/ (4,*pANE3)
RS4TAN = - (Cras/(320QB085) ) #CLOGRM2,#CeS203/ (12%BBas2)+2,#58Cuu3/(
116088474

GO TO 13

TPDERT = TOP/POT

IF (TPDBHT,.GT,0,0) 6O TO 30

IF (TOP.LT.0.0) GO TO 14

IF (BOT.LT.0,0) GO TO 14

CONTINUE

SAWAY = S-TOL

TOP = C+2.4BBaSAWAY

BOT = C-?.*BBPSAWAY

CLOGR = ALOG(TOP/BOT)

RTAN = ~(]/HR)#CLOGR

RTAN = RTAM/?

LEEEREEEREERE R E LR REEREEREREEEREEREREEEEREREEEE R EEERE.
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SUBROUTINE SNTAN

s No Ne]

e NaRel

13

14
15

RSTAN = (.,25%C/BR%*#2)2CLOGR=-S/HH

RSPTAN = ~(Coap/(H#HPR#®3) ) #CLOGRCHS/ (2,2BRE®2)

RSITAM = (Co43/ (16 2RB#24))#CLOGR=-S##3/ (3, 8HH)=StCan2/ (4, %BB"#])
RS4TAN = «(CHa4/ (328HRR8S))8CLOGR+2,#CaS8u3/ (12%BRON2)+2,%SuCuu3/(
116"8Ha=4)

GO 10 13

CONTIMUE

WRITE STATEMENTS GO HERF IF NEEDED

GO TO 1%
WRITE (6.26)
CONTINUE
60 TO P4

FOR CASE OF RR,TT NOT ZERO, BUT WITH MIDRANGE SIMGULARITY

CONTIMUE

WRITE (6427)

SUL = SZERO-TOL

SLL. = S7ERC+VOL

SMIND1 = S-0,54A8S(S-SLL)

SMINZ2 = -S+0,5#ABS (~S=-SUL)

ANGY = ATAN?((C+2,%RAReS)ABS(RR+TTuS))

ANG2 = ATAN? ((C+2.%BRASMID]) +ABS(RR+TT4#SMID1))
ANG3P = ATANZ(({C+2.2RRESLL) sABS(RR+TTHSLL))

ANG3 = ATANZ ((C=2.%HH#S) +ARS(RR-TT#S))
ANG4 = ATANZ((C+2.%RARSMID2) yABS(RR+TT®5MID2))
ANGS = ATAN? ((C+2.%RR®SUL) yABS(RR+TT&SUL))

N0 23 I=142
IF (I.,6Q.2) GO TO 17
AAT (1+1) = SULeSHL

AAY(1,2) = SUL

AR (1,3) = ARY1{2,3)=AA1(3.3)=1.

AA)(241) = SMID2#SMID2

AA) (2,7) = SMIN?

AAL(3,1) = S®S§

AAY(34?2) = =S

AA(1) = ANGS

AA(P) = ANGe

AA(3) = ANG3

CLOGR = ALOG{ABS((RR+TT4SYL)/ (RR=TT®S)))

MMM MM AMMAAMAMMMAMMAMAMAMAMAMAMAAMAAAMMAMMAMATMANTN
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SUBROUTINE SNTAN

17

JLY

SUSE = SMID?

DELS = SUL +S

DELS? = SliLaap-Sunp
DELSY = StilLsu3ls+Seel
DELS4 = SUl #ug4-Susy
DELSS = SUL##54G805
DELSEH = SUL#se=-Gru6
GO TO 18

CONTINIE

AAl(141) = SHS

AR ()42) = S

AAL(143) = AAT(2+3)=AA1(3,3)=1,
ABY (P41) = SMIDLIASMID]
AAY (242) = SMIN

AA]l (3,)) = SLL=SLL
ARY(342) = SLL

AA(1) = ANG)

AA(2) = ANG?

AA(3) = ANG3P

CLOGR = ALOG({ABS((RR+TT#S)/(RR¢TTHSLL)))
SUSE = SMID)

PELS = S-SLL

DELS2 = S#S-SLL#SLL
DELSI = Sev3=-Sl#e]3
DELS4 = Ses4=SLL#®4
NELSS = S#anGaGL| ##5
DELSE = S#up-SLLw*6
CONTINUE

CALL SIMFQ (AA143¢AR,14DET,IPIVOT,3,ISCALE)

Cl = AAL))

C2 = AA(2)

C = AA(]) )

COND = (CEYT#IT-CP2#RR*TT+C1*RR®RR)/(TT#&3)

CONY = (C2TT=-C1aHR)/(TTRTT)

COMIY = 0,%C1/TT

CON2 = (CHTYRTY-CP2#RKHETT+C12RR*KR) / (TT#=3)

CON3 = (CHRR&TTISTT-C28RP4RR"TT+Cl#RRaRT )/ (TThes)
CON2] = Cz/(291T)~C1=RR/ (2#TT#TT)

COba = (CopQaRRaTT#TT-C29RA*A30TT+C1#RRES4)/ (TT#8SE)
CONS = &4, #CP8TTun3-4,8C]2RRATTHE2

CONS = CONG/(1PnTTRey)

CONG = (=CoPPaTTrTIT+CP#RReRRATT-C12RR*#]3)/(TTans)

e e e e R E R R R R R E R E R R EEE R EEEE R EERER R ER!
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216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
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234
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245
246
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25%

260

270

280

285

290

SUBROUTINE SNTAN

CON3] = (CH*TT#a3-CPuRR#TT#82+C1oRROM28TT) /(20TTH04)
CONI2 = C1/(487T)
CONR = 20,8 (CUTTH84~CRuNABTTERI4CIRARUGPHTTHED) /{60RTTH4S)
CONY = (CHRRuBp8TT#a22-C20RR4438TT+CIoRRE84)/(TTH45)
CONIO0 = C#PRs#836T1#aD-CPORRA#4NTT4ClHHR 1S
CON1G = CONLO/(TTH46)
CONGY = (C28TT=C1BRH)/ (4*TT®22)
CON42 = (=CHRRATTS82+CR28RR0#2aTT=-CIPRRB®3)/(20TTHug)
CONA = (CHRH#u4QuTTER2-CPPRRSESETT+CI#RRAERG)/ (TT*ST)
CONR = (C22TT=CleRR)/(58TT242)
CONC = (=C*RRaTTa8#2+C2*RRA#2ETT-CleRRa®I) s(JaTTae,)
COMD = CONCHRR#e2/(TT#82/3)
CONF = (CuTT#82-CP8RROTT+CI*RR#%2)/(4#TT5063)
CONF = Cl/(69TT)
CONG = COMERRPA#2 82/ (TTR0D)
1F (1.EQ.1) 60 TO 19
IF (1.FQ,2,AND, (RR+TT®#SUSE).GT.0,) GO TO 19
RPTAN = RTAN-CONO®CLOGR+CON]#NELS+CONL1*DELS2
RSTAN = RSTAM<CON?)#NELS2+CON2#UELS-CON3IRCLOGR+C14DELSI/(ITT)
RS2TAN = RS2TAN-CON4#CLOGR+CONS®DELSI+CONI|#DELS2+CON32*DELS4+CONG
1#DELS
RS3TAN = RSITAM=CONG1#DELS4+CONBEDELSI+CONG2#*DELS2+CONG*DELS-CON] O
1#8CLOGR+C14DFLSS /{54 TT)
RS4TAN = RS4TAN=CONASCLOGR+CONBRDELSS+CONE#DEL S4+CONF#DELS6+CONC#*D
1FLSI+CONGRDELS2+CONNHDELS
GO 10 22
19 CONTINUE
RTAN = RTAN+CONO#CLOGR+CON]*DELS+CONL1#DELS2
RSTAN = RSTAN+CONZ214DELS2+CONZ¥DELS-CONI#CLOGR+CI#DELSI/ (34TT)
HSPTAN = RS2TAN+CON4#CLOGR+CONS#DELS3+CON3I)#DELS2+CON32*DELSA+CONG
120ELS
RS3TAN = RSITAN«CONG1®DFLS4+CONB#DELS3+CON42#DELS2+CONO*DELS-CONLO
18CLOGRC1#DFL S5/ (S#TT)
RS4TAN = RS4TAN+CONA®CLOGR+CONB#DELSS+CONE#DFL S4+CONF#DELS6+CONCHD
1FLS3+CaNGROELS2+CONDEDELS
TF (1.FO0.1,AND, (RR+TT#SUSE) LT.0.,) GO TO 20
GO TO 21
20 RTAN = -RTAN
RSTAN = -RSTAN
RS2TAN = -RS2TAN
RS3TAN = ~RS3TAN
RS4TAM = <FS4TAN

T T B B T T T B T B e T e B i B B B M B B M Bt M T Bt B M M Mt M e M B B B it B et B |
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287
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300
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6S

SUBPOUTINE SNTAM

21
22
23

24

25
26

cf

CONTINUE
CONTINUF
CONTINUE
60 T0 13
CONTINUE
RR = RRR

RETU

FORMAT (30X +11H200 ENTERED)
FORMAT (30X,43FONE OF THE ENGPOINTS HAS A NEGATIVE LOG ARG)

= ™ . ne
TUFPMALT {J3UAy JUFYEY ENIEHTU)

END
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SURROUTINE L OGS

M OO OONOOO

SUBROUTINE LOGS (Sef 4D¢yRELNYRESLNJRES2LNJRES3LN)
SURROUTINE LOGS

CALCULATES TMTFGRALS OF FORM S##NsALOG(S*#S+E®S+D) WITH
RESPECY TO S OVER LIMITS OF =S TO S FOR N=0,142+3,

S= PAMEL SEGMENMT HALFWIDTH
FsD ARE CALCULATED TN SURROUTINE CONCAL
INTEGRAL RESUL TS AKE RELN,RESLNIRES2LNIRESILN

EVALUATION OF INTFGRALS PERFORMED USING MACSYMA ALGEBRAIC
MANTIPUL ATTION PROGRAM OF MIT PROJECT MAC
IF 1=) INTEGRAL FVALUALTED AT APPROXIMATE EMDPOINTS,+~SAWAY

REAL LATBLADB.LLWL24L 3L 4
CoMMOM  /TELL/ TOL,TOLZ

RELN = 0,
RESLN = 0,
RES2LN = 0,
RES3LH = 0,
SS = §

A = SHS+E#SHD
R = Sug-E#S54D
A = ABS(A)

A = ABS(B)

AA = ABSI(A)
BB = ARS(B)

IF (AALE,0,000000001) GO 10 6
IF (BR,LE.0,000000001) GO TO 6
DISC E4E-4nD

DISN SQRT (ABS(NISC)H)

DIS = ERE-2,40

DIS3 Eanld-3 nst

DI1S4 (E#F =4 ,AD) R (FRE=-D)

DIS44 = E#ug-4 ,00FEE+2, 808D
DISS Eaub-g uDaf #u348,0E0Dun?
LATH ALOG (A4B)

LADB = ALOG(A/B)

IF (AA,LE,0,000000001) S
1IF (8B,Lt,0,000000001) S
RE = S#lLATB+0,S8E=LADR

w o non

T ]

SAWAY
SAWAY

ORI NIPNNIODPIDIOINADPNIOIDIODO D

[
- O OVE~NONI WN -

-t bt bt W et
o~ mMmeswWwn

NN
-0

NN N
~wn

N
w0

WWwwwiNNaNN
WN =0 0D~N

w
»
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45

50

55

60

65

70

a0

SUBROUTINE 106¢

ESP = Fs2us
ESM = F-285
IF (DISC) 64342

2 CONTINUE
L1 = E~-DISG+28S
Le = E+DISQe28S
L3 = F=DNISQ=-22S
L4 = FeDISQ=245

DIFFLN = ALOGIL)®#L4/L2/LY)
RELN = Rt -4#S-0,58NISQ=*DIFFLN
RESLN = 0,54LADR#S#224+(0,25¢E2DISC/DISQ)#DIFFLN
RESLN = RESLMN-0,250D]1S®LADB+E®S
RES2LN = (S#83/3)8LATB-DIS4/7(6%D]ISQ)*DIFFLN+LADB#(DTS3/6)~4#S883/9
1-6#DIS®#S/9
RES3LN = 0,75#S#848LADBsD]SS/ (89DISQ) *DIFFLN-LADB# (DIS44/8) +EnSua)
1/76+0,585001S3
GO TO S
3 CLOGRY = ALNG(ESP/ESM)
RELN = SeLATB=-4uS+F #CLOGRY
RESLM = 0,5458828 ADR=0,5S2#NIS*CLOGRT+E#*S
RES2LN = (S##38 ATHsD]S3I#CLOGRT+ (DIS4)* ((1/ESP)~(1/ESM))=2%SeDIS)/
13-4%(S#23)/9
RES3LN = 0,25%S004u| ADB=D1S44%0,25%CLOGRT~,25#D1S5« ()1 /ESP~=]1/ESM) +E
1#5283/640,5858N]S3
GO T0 &
4 TNRAT = ATANP(ESP.DISQ)=-ATAN2(ESM,DISQ)
RELN = PE~4#S~(DISC/DISN) #TARAT
RESLN = 0,52 (S#82-0,5¢D1S5)2LADB+0,5#E*DISC/DISO*TNRAT+E®S
RESPLN = S#43/34 ATR+(DIS3/6)2LADR=-(DIS4/(3%D]ISQ))#TNRAT-4#S#a]/9a
124#52D1S/3
RFS3LN = (0,75%58024-D1S44/0)*LADB0,25%DISS/DISA*TNRAT+E#S##3/6458
101s3/2
S CONTIMNUE
€0 T0 7
6 COMTINUE
SAWAY = S=TOL?
A SAWAYHSAWAYSE2SAWAY+D
8 SAWAYRSAWAY-F #SAWAY +D
A AES (A)
[ ARS (R)
G0 10 }
7 CONTIMUE

OO OIIRNOIIOATDIOND
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SUBROUTINE LOGS

S = S§
RETURN
END
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SUBROUTINE DRACAL

s XeEsEsEsNsNeExNaNe)

SUBROUTINE DRACAL (1+JeYHHyZHHsPPPLAINT)
SUBROUTINE DRACAL

TREFFT7 PLANF DRAG AMALYSIS ASSUMES PIECEWISE LINEARLY VARYING
SHED VORTICITY SHEET STRENGTH

CALCULATE INTEGRALS A THROUGH F FOR DRAG COEF CALCULATION
CALLS SUBROUTINES LOBS,SNTAN,CCAL ,CANCAL

DIMENSION AINT(6)

DIMENSTOM YHH (1), 7HH{1)}, PPP(])

COMMUN /SEG/ SHNN(51)

PT = 4,%#ATAN(1,.)

S = SNM({J)

CALL CCAL (ToeJoYHHeZHHIPPPsSoAAHB DD sFF sGGIEE¢AJyAKoRRe TToUUWW)
CALL CONCAL (AA BB4FF4GGySyA9BeCoDyFyGyCUeCKRyCLICMyCNyCOWCPy1)

S = SNN(I)

CALL LOGS (SsCJeFoRELNyRESLNIRESZLNRES3LN)

CALL SNTAN (S9CoBBsRRPsTToRTANJRSTANJRS2TANIRSITAN,RS4TAN)

AAAAAA = A#RTAN+BoRSTAN+ARA%RELN/4

BERARA = 2,# (CLERTAN+CMaRSTAN+CN#RS2TAN)+CO*RELN+CP*RESLN
CCCCCC = A#RSTANsBeRS2TANSARRRESLN/4

pANDDN = 2,%(CLERSTAN+CMaRS2TANSCN#RS3TAN) +CO#RESLN+CP#RES2LN
FEEEEF = A#RS2TAN+ReRS3ITAN+BR*RESZLN/4

FFFFFF = 2,8 (CL#RS2TAN+CM#RSITAN+CN#RS4TAN) +CO*RES2LN+CP*RES3LN
CALL LOGS (SeCK4GoRELNIRESLN,RESZLNJRES3ILNY
CALL SMTAN (SeDeBRyRRsTTyRTANJRSTANJRS2TAN,RSITAN,RS4TAN)

AAAAAA = AAAAAA-A®RTAN-RoRSTAN-BHeRELN/4

ABRFBA = BBARRE-2,4 (CLH*RTAN+CMeRSTAN+CN#RS2TAN) ~COSRELN=-CP#RESLN
CCCrCC = CCCCCC-AwRSTAN-B8RS2TAN-BR*RESLN/4

pONPRN = DOPNDN=? .2 (CL*RSTAN+CM¥RS2TAN+CN®*RSITAN) =CO#RESLN=-CP*RES2
N

EEEFLE = EEFFEF-A®RSPTAN-BoRS3TAN-RBR#RESZLN/4

FFFFFF FFFFFF-2,% (CL*RS2TAN+CHBRSITAN+CN#RS4TAN) ~CO#RES2LN-CP#RE
1S3LN

S = SNN{J)

CALL CONCAL (DD.EF.ﬂJoAK'S|AQHvC|noFqﬁch.CK'CL.CM.CN.CO’CP|2)

S = SNM(I)

CALL 1.0GS (SeCJUF+RELNJRESLNoRES2LNyRESILN)
CALL SMTAMN (SsCoFE oty WW9RTANyRSTANJRS2TANJRSITAN,RSATAN)

FrIrITITITIIXIIIIIIIXIITIIIIIXIXIIIIIIIITIIIIITIIIII
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SURROUTINE DRACAL

ARAAAA
008008
cceeec
nDDOOD

ILN
FEEEEF
FFFFFF

1S3LN

CALL LOGS
CALL SNTAN (SeDsEEsUUsWHRTANJRSTANJRS2TANJRSITANSRSATAN)

ANAAAA-A#RTAN-RERSTAN=LERRELN/4

BEBRBB-2,# (CLYRTANSCM#RSTAN+CN#RS2TAN) ~COuRE{ N~-CP#RESLN
CCCOCC=-AnRSTAN=-H#RS2TAN~EE#RESLN/4

DOROON=-2 . ¢ (CLORSTAN+CME#RS2TAN+CNERSITAN) «CO*RESLN-CP#*RES2

EEEEFF~A#RSPTAN-P#RSITAN-EEPRES2LN/4
FFFFFF=2.# (CL?RS2TAN+CM®RSITANSCN#RS4TAN) =CO®RES2LN-CP#RE

(S9yCKoGyREI NyRESLNIRES2LNyRES3LN)

AAAAAA = AAAAAPCAYRTAN+HHRSTANSEEHRELN/S

HBRRBPR = HERPPR+2,% (CL#¥RTAN+CM#RSTAN+CNSRS2TAN) +CO#RELN+CP*RESLN
CCCCCC = CCCCCC+ABRSTAN+R#RS2TANSEE#RESLN/4

nopnoD = DDDNCD+2 . * (CL#RSTAN+CMARS2TAN+CN#RS3ITAN) ¢ CO*RESLN+CP#*RFS2
1LN

FEEREEE = EEEEEE «AARS2TANIRORSITANGEESRES2UN/4G

FFFFFF = FFFFFF+2,.®7 (CL#RS2TAN+CM®RSITAN+CN#RSATAN) + CORES2LN+CP&RE
1S3LN

SK = SMN(J)

AAAAAA = ABAAAA/P]

HEPHRR = BEBBFR/ (2.4P1#SK) ¢ (2.#S/P])#(BB-EE)

cceece = ccceccrsrl

noenon = DDDNDD/ (2. *P1#SK)

FEFEEE = EEEEEF/ (20P1%S)

FFFFFF = FFFFFF/ (4., #PI#S8SK) + (BB-EE) #S4S/(3,%P])

AINT (1) = AAAAAA

AINT (2) = ©6BBBB

AINT(3) = CcccCC

ATNT(4) = DDDDDOD

AINT(5) = FFEFEE

AINT(6) = FFFFFF

RETURM

END

ITIrXIrrXrIXYIIIIIXIXTITIIIITIIIIIIIIXII

PAGE

2



<9

3,1

10

15

20

25

30

40

SURROUTINE SIMNEG

C

c

C

C

c

[«
1
2

C

C

C
3
4
5
6
7
B
q

C

C

c
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SUBROUTINE SIMFQ

(AN HoMyDETERMy IPIVOT ,NMAX» ISCALE)

SOLUTION OF SIMULTANFOUS LINEAR EQUATIONS

#a#® DNCUMENT DATE 0n8-0]1-68

DIMENSTON  IPIVOT (N}, A(NMAX9N)» B(NMAX,M)

EQUIVALENCE (TRNOWyJROW) s (ICOLUMyJCOLUM) s (AMAX,T,SWAP)

INITIALIZATION

ISCALE = 0

R1 = 10,08%}00
R2 = 1,0/R]
DETERM = 1,0
DO 2 J=1N
IPIVOT(J) = 0
DO 38 [=1,4N

SEARCH FOR PIVOT ELEMENT

AMAX = 0,0
DO 7 J=1,4N
IF (IPTVOT (D) =1)
D0 6 K=14N
IF (JPIVOT(K)=1)

347,43

446,439

IF (ABS(AMAX)=ABS(A(JsK))) 59646

IROW =

ICOLUM = K

AMAX = A(JyK)
CONT INUE
CONTINUE

IF (AMAX) 948,9
DETERM = 0.0
ISCALE = 0

GO TO 219

IPIVOT(ICOLUM) =

INTERCHANGE ROWS

IF (IROW-ICOLUM)
DETERM = -DETERM
DO 11 L=1yN

SWAP = A(IRQW,L)

1IPIVOT (ICOLUM) +1
TO PUT PIVOT ELEMENT ON DIAGONAL

10414410

SUBROUTINE REVISED 08-01-68 #»annsuns
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SURROUTINE SIMEQ PAGE 2

A{IROW,L) = A(ICOLUM,L)
11 A(ICOLUMGL) = SwWAP
45 IF (M) 14414412
12 DO 13 (=)4M
SWAP = H(IROW.L)
B(IROW,L.) = A(ICOLUM,L)
13 B(ICOLUMyL) = SWAP
50 14 PIVOT = A(ICOLUM,ICOLUM)
IF (PIVOT) 1548,15

c 52

c SCALE THE DETERMINANT 53

C 54

55 15 PIVOTI = PIVOT 55
IF (ARS(DETERM)=R1) 18,16,16 56

16 DETERM = DETERM/RI] 57

ISCALF = ISCALE+]) 58

IF (ABS(DETERVM)~R1) 21417,17 59

60 17 DETERM = DETERM/R] 60
ISCALF = ISCALE+] 61

GO Y0 21 62

18 IF (ARSIDETERM)=R2) 19,19,21
19 DEYERM = DETERM#RI]
65 ISCALF = ISCALE=-]
IF (ARS(DETERM)-R2)} 20+20.21
20 DETERM = DETEPM#R]
ISCALE = ISCALE~)
2) IF (ARS(PIVOTI)~R1) 24+22.22
70 22 PIVOTI = PIVOTI/RI]
ISCALF = 1SCALE+1
IF (ABS{PIVOTI)=R]) 27,23,23
23 PIVOTI = PIVOT1/R]
ISCALF = ISCALE+]
75 GO YO 27
24 IF (ABS(PIVOTI)=R2) 25,25,27
25 PIVOYI = PIVOTI#R]) ‘
ISCALE = ]SCALE-] .

ki akalielialealialialiaolalialainlialainieiaialala il L L e e L L L L L L T e
-
»

78

IF (ARS(PIVOTI)=KR2) 26426427 79

A0 26 PIVOTI = PIvOTIaR] 80
ISCALF = 1SCALF-) 81

27 DETERM = DETFrM#PIVOTI a2

C 83

C DIVIUF PIVOT ROW RY PIVOT FLEMENT 84
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SUBROUTINE STMEQ

OCo

28
29

3n
N

krd
33

34
s

36
37
kl;}
39

NO 29 L=1sN

IF (TPIVOT(L)~1) 2R+29,39
ACICOLUMGLY = A(TICOLUMHL)/PIVOT
CONTINUE

IF (M) 32432,30

DO 31 L=1.W

B(ICOLUM.L) = R(ICOLIM.L)/PIVOT

REDUCFE NON-PIVOT ROWS

DO 38 L1=14M

IF (L1-ICOLUM) 33,38,33

T = AtL1,1C0LUM)

D0 35 L=1.N

1F (IPIVOT(L)~1) 34435.39
A{L1sL) = A(L1sL)-A(ICOLUM,L) T
CONTINUE

IF (M) 38,3R,36

DO 37 L=14M

A(Llsl) = BILIsL)-B(ICOLUM,L)*T
CONTINUE

RETURN

END
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dw(Ai,Aj)

= -g,
i
.. =0
i
4, = +s
SEGMENT i
" \
v
4 .==8 "
A.50 - . 4 .=-8
? ) J 4 .58, z s1=+s. 4570 J
| ]
IMAGE
§ SEGMENT 7
'y 3
Y(J)A ’
Y41
N -
_< 0 7 >
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SEGMENT j

ASSUMED WAKE VORTEX SHEET STRENGTH VARIATION

Figure 1. Trefftz plane geometry used in the present method.
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Figure 2. 1Induced drag efficiency for
nonplanar wing with vertical
fences of variable size.
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Figure 3. 1Induced drag efficiency for a
series of vee wings.
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Figure 4. 1Induced drag efficiency for a series
of diamond wings.
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Figure 5. Comparison of bound circulation distributions
for vee wing and diamond wing, ¢ = 30°,
using present theory.




Figure 6.

h/b

Induced drag efficiency for diamond
wing fitted with end plates; N = 30
cosine segment spacing, and ¢ = 89.5°
on end plates for all results.
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Figure 7.

h/b

Induced drag efficiency for diamond
wing fitted with winglets. Winglets
perpendicular to wings, N = 30, and
cosine segment spacing for all results.
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